Designing conjugated polymer-based functional materials via the incorporation of supramolecular complexities by Kwan, Phoebe Hoi-Ying, 1978-
DESIGNING CONJUGATED POLYMER-BASED FUNCTIONAL MATERIALS
VIA THE INCORPORATION OF SUPRAMOLECULAR COMPLEXES
BY
PHOEBE HOI-YING KWAN
B. S., Chemistry (1999)
Rochester Institute of Technology
MASSACHUSET
OF TECHN
MAR 2 5
LIBRAF
rs NSn7E
OLOGY
I2005
RIES
Submitted to the Department of Chemistry
in Partially Fulfillment of the Requirements for the Degree of
Doctor of Philosophy in Chemistry
at the
Massachusetts Institute of Technology
February 2005
©2004 Massachusetts Institute of Technology
All rights reserved
)
-------- ·.
Signature of Author .......... . f . ...................................IJgnature of Author........i~f .Department of Chemistry
October 27, 2004
Certified by...........................................................................
Timothy Swager
Professor of Chemistry
Thesis Supervisor
Accepted by ......... ... ........................................
Robert W. Field
Chairman, Departmental Committee on Graduate Studies
__
.Z- CH··~qj
This doctoral thesis has been examined by a Committee of the Department of Chemistry
as follows: A
C/ Chairman
0
Department of Chemistry
/1
Thesis Advisor
Professor Timothy F. Jamison:
Professor Daniel S. Kem: C
7x)
Professor Timothy M. Swager:
iNv O
2
CZ 
I/ - - , -N,..I. .
To my mom
3
Designing Conjugated Polymer-based Functional Materials via Incorporation of
Supramolecular Complexes
By
PHOEBE KWAN
Submitted to the Department of Chemistry, October 2004
In partial fulfillment of the requirements for the degree of
Doctor of Philosophy in Chemistry
ABSTRACT
One of the major goals in molecule engineering is the creation of molecule- or
polymer- based devices that mimic the integrated functions of their macroscopic (and
often inorganic) counterparts. Because of their unique photophysical and/or redox
properties, supramolecular systems and conjugated polymers (CPs) have emerged as the
ideal candidates for such applications. This dissertation details the design and synthesis
of various CPs with pendant supramolecular complexes. The marriage of these two
materials should yield complex and unique properties that are not accessible from single-
molecule systems.
Chapter One is an introduction on conjugated polymers and their properties. The ease
of synthetic modifications, coupled with their unique transport properties make CPs very
desirable for the design of sensitive chemosensors. The incorporation of rotaxane
moieties to poly(p-phenyleneethynylene)s will be described in Chapter Two. By design,
the rotaxane groups behave as molecular recognition elements for the detection of small
molecules. In addition, these bulky scaffolds prevent polymer aggregation. We turn our
focus to the rotaxane monomers in Chapter Three. We investigate the photoinduced
charge transfer interactions between donor and acceptor pairs within the rotaxane
scaffold and examine the parameters that facilitate these interactions. Chapter Four
describes our effort to encapsulate electroactive polymers using these bulky groups. As
expected, insulation of conducting polymer severely limits the polymer's charge transport
and leads to a dramatic decrease in the polymer's bulk conductivity. The tetrahedral
binding site in the rotaxane group allows complexation of redox active metal ions. These
ions provide critical interconnects and mediate interchain charge hopping. Chapter Five
describes another conducting organic-metal hybrid system, wherein two distinct
conducting polymers are configured in a cross-linked network held together by a rotaxane
architecture. Anion interactions with the redox active metal ions modulate the redox
properties of the metal centers, thereby affecting the polymer's conductivity.
Thesis Supervisor: Timothy M. Swager
Title: Professor of Chemistry
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Chapter 1:
Background on Conjugated Polymers and their Sensory
Applications
19
Introduction (within an Introduction)
Since the 1960s, conjugated polymers (CPs) have captured the interest of scientists
and engineers. While some CPs exhibit efficient luminescence and non-linear optical
properties, others possess remarkable electrical conductivity, and organic chemists can
easily fine-tune their properties by functionalizing the polymers. Because of their unique
properties and tunability, CPs lend themselves to a myriad of applications such as
polymeric light-emitting diodes (PLEDs),' photovoltaic devices,2 field-effect transistors
(FETs)3 and antistatic coatings. This introduction is not intended as a comprehensive
survey of CP-based devices, since many general review articles have appeared in the
literature.4 Instead, we will concentrate on the precedents set either in the Swager group
or elsewhere that have shaped and provided motivation behind this work. More
specifically, we are interested in utilizing CPs for sensors of unparalleled sensitivity.
Such an application usually involves incorporating synthetic receptors and functional
groups into CPs, and using the polymer backbone as the signal transducer or mediator. I
shall begin with a brief overview of some optical and electrochemical properties of CPs,
and then relate how one can advantage of these properties to generate sensory materials.
We will then move on to discuss the merits of incorporating metal ions into CPs, and
some examples of organic-metal hybrid systems.
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Photoexcitation in Conjugated Polymers and Energy Transfer
Exciton Formation
In general, band theory suffices to describe the electronic structure of CPs. In their
pristine (neutral) states, CPs are wide band gap semiconductors. The spatially extended
and delocalized band structure evolves from the interactions of the LUMOs and HOMOs
of the repeat units (Figure 1.1). In general, the direct bandgap of CPs exhibits efficient
(highly allowed) absorption and emission at the band edge. The delocalization and
polarization of the band structure play an integral part in the luminescence efficiency of
CPs. Immediately after absorption, the promotion of an electron from the valence band
(VB) to the conduction band (CB) results in an exciton, a quasi particle describing a
bound electron-hole pair. In highly delocalized and polarizable systems, such as
poly(acetylene), the excitons can dissociate to generate free carriers that can then
combine to form triplets or decay by nonradiative processes. As predicted by the energy
gap law, 5 the reduced bandgap in these systems facilitates
CBLUMO
VBHOMO
Figure 1.1. Schematic representation of the band structure of a CP.
· · · ·
nonradiative processes and results in low quantum efficiency. On the other hand, "fused"
and "bridged" systems such as poly(phenylenevinylene) possess remarkable quantum
efficiency due to their more localized band structures induced by the prevalent aromatic
rings (Figure 1.2). In these polymers, the exciton remains the primary species that
migrates throughout the systems (Figure 1.3).
poly(acetylene) "bridged" "fused"
Figure 1.2. Examples of "bridged" and "fused" variants of poly(acetylene).
Exciton Migration and Decay
The facile transmission of the exciton along the polymer backbone is an energetically
downhill process. As a result, the efficient radiative recombination occurs from segments
of longer conjugation length, i.e. lower energy, resulting in inhomogeneous broadening
of the emission and a large observed Stokes shift. Intensive spectroscopic studies on end-
capped CP oligomers confirm the finite delocalization of the CP electronic structure.
Photoexcitation
hv
Figure 1.3. Exciton formation and transmission in the CP band upon photoexcitation.
Within its lifetime, the excitation of a given CP can sample many repeating units along
the polymer backbone before radiative recombination occurs.6 In addition, energy
transfer between polymer strands provides another viable transport pathway. Levitsky et
al. demonstrated that the Z-directional (orthogonal to molecular axis and layers) energy
transfer of multilayer Langmuir-Blodgett (LB) films of poly(p-phenyleneethynylene)
(PPE) reached its limit at 16 layers.7 These later experiments reflect strictly interpolymer
energy transfer (ET), which is considered to be slower than intramolecular ET.
The radiative recombination of the exciton occurs with a first order rate constant. At
high concentrations or in the solid state, polymer aggregation facilitates 7U-n stacking and
often leads to self-quenching. The reduced bandgap of polymer aggregates increases
nonradiative relaxation in accord with energy gap law. In addition, impurities and
structural flaws in the polymer diminish fluorescence by introducing defects in the band
structure. Finally, the presence of energy traps induces energy transfer from the excited
polymer and quenches the polymer fluorescence.
Conducting Polymers
Doping of CPs dramatically increases their conductivity by as much as 10-13 orders of
magnitude. The term doping is derived in analogy to semiconductor systems. In CPs,
doping refers to the oxidation (p-doping) or reduction (n-doping) of the t-electronic
systems via chemical or electrochemical means. A partially filled band generates charge
carriers that migrate throughout the band at a finite mobility, p. In addition, increasing
the doping level of a CP alters its band structure and creates new electronic states within
the bandgap of the pristine polymer (Figure 1.4). Because conductivity is related to the
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relative population of each band and the energy differences between the bands, the
conductivity changes in a highly non-linear fashion with respect to the doping level.
CB
I~ II 
I
-E -le -e
V "
Neutral polymer Polaron Bipolaron Bipolaron bandsFull VB, empty CB Slightly doped polymer
--- Heavily doped polymer -
Figure 1.4. Band structure of an aromatic CP as a function of doping level. (from ref.
5)
Charge Transport in CPs and Bulk Conductivity
As Figure 1.5 reveals, CPs span an extremely wide range of conductivity. In addition
to the aforementioned doping level, the conductivity of CPs depends on a myriad of other
factors. External factors such as dopants, solvents and counterions in the surrounding
medium can induce significant changes in the conductivity. The ionic nature of doped
CPs necessitates the presence of counterions to maintain electroneutrality. Paradoxically,
counterions can often adversely interfere with charge transfer in CPs due to electrostatic
attraction. In a classic example, Andr6 and coworkers observed that solvation of Na+ ions
by THF increased the conductivity of n-doped polyacetylene by four orders of
magnitude. 8
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Figure 1.5. Conductivity range of CPs. (adapted from Nobel lecture)
More importantly, one must interrogate.the charge transport pathways and different
modes of conduction in bulk CPs in order to fully comprehend their electrochemical
properties. Although some CPs exhibit electrical conductivities similar to metals, they
possess distinct characteristics that require a different explanation for their charge
transport capabilities. As stated earlier, the delocalized band structure renders individual
CP strands conductive. In a bulk sample, however, the disorder and random
entanglement of the polymer strands cause scattering of the electrons and prevent further
delocalization between bands, a phenomenon known as Anderson localization. 9 In
contrast to metals, the conductivity of CPs increases with increasing temperature.
Furthermore, at low temperatures, these polymers exhibit significant mangetoresistance
that increases as the temperature goes down. These and other experimental observations
suggest that the charge transport in CPs is closely related to the intrinsic disorder of the
polymer and the density of various electronic states.
Scientists have proposed numerous theoretical models to rationalize charge transport
in CPs. Unfortunately, a consensus on a general model has yet to be reached. Prigodin
r · ~
mm mm n mm
and Efetov constructed the first model to describe electron flow in CPs.'O They attempted
to resolve the dilemma between the metal-like delocalization and the intrinsic disorder of
polymers via a critical disorder-driven insulator-metal model. They argued that a bulk
CP sample comprised individual polymer strands or bundles of strands bent into very
complicated way. Anderson localization caused individual strands or bundles (wires) to
have localized electronic states. These wires came into contact with each other at the
interwire junctions and formed a randomly cross-linked network. Taking into
consideration of the localization transition in this random "spaghetti" morphology, they
constructed a phase diagram, which expressed the transition and critical behavior as a
function of the intrinsic disorder and of the interwire coupling (Figure 1.6).
Disorder
"Interwire" coupling
Figure 1.6. Schematic view of the random CP network proposed by Prigodin and
Efetov. The rings indicate the interwire junctions (left). Phase diagram of the critical
behavior as a function of the intrinsic disorder and of the interwire coupling (right).
(adapted from Ref. 10)
Since then, more sophisticated models have appeared in the literature." These
models portray a more realistic picture, since they recognize other morphologies that lead
to different percolation pathways. Firstly, CPs can behave as rigid rods that stack
together and constitute regions of high crystallinity. Occasionally, charge hopping occurs
across grain boundaries between nearby metallic islands. Secondly, polymer strands can
aggregate into bundles. Delocalized electronic states within these ordered mesostructures
lead to high and anisotropic conductivity. These metallic islands are separated by
disordered regions. In these regions, CPs of random coil morphology undergo the
aforementioned Anderson localization. Charge hopping at interwire junctions becomes
the primary mechanism of electron flow between wires. As mentioned before, the
conductivity in these random regions is related to the electronic coupling of the contact
points and the concentration of the critical interconnects. In summary, the bulk
conductivity depends on the composition of the sample and the complex interactions
between different mesostructures. Knowledge of charge transport in bulk CPs will prove
necessary in subsequent chapters as we attempt to manipulate their conduction pathways.
CP-based Chemical Sensors
In this thesis of work, we shall define the'term "sensor" as any chemical system that
displays an observable response, be that reversible or irreversible, upon exposure to an
analyte. The bandgap and redox properties of CPs are local properties1 2 and depend
heavily on their repeat units, the structural integrity and the surrounding media. On the
other hand, the transport properties of CPs rely on the delocalization of the electronic
states and energy matching between the repeat units. Consequently, their optical and
electrochemical properties demonstrate astonishing sensitivity towards minor and local
perturbations, as they create "roadblocks" in the charge transport pathway. Such high
level of sensitivity proves detrimental for the efficiency and lifetime of certain
applications such as PLEDs and photovoltaic devices.3 This acute responsiveness is
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nonetheless a highly desirable trait in chemosensors. Figure 1.7 illustrates the general
scheme of the CP-based chemosensors developed in the Swager group. Incorporation of
synthetic receptors to the CP backbone provides sites for analyte binding, while the
polymer backbone serves as the signal transducer. The receptor and signal reporter need
not be separate in identity. But when these two elements are different, the receptors are
most often covalently attached to the polymer backbone. Examples of receptors range
from simple functional groups to novel units such as supramolecular architectures to
complex biomolecules. These two parameters determine the selectivity and sensitivity of
the system's sensing capabilities. Immediately after a binding event, the analyte-bound
receptor creates a local perturbation in the wavefunction of the polymer that translates to
an observable change in some aspects of the polymer properties (e.g. fluorescence).
Sensitivity enhancement of CP-based chemosensors relative to their single-molecule
counterparts originates from the utilization of the collective system response in CPs.
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Figure 1.7. Schematic representation of a CP-based chemosensor. The CP backbone
is adorned with receptor units. An analyte-bound receptor causes changes in the polymer
properties and produces a readable signal.
Figure 1.8 illustrates the advantage of the "molecular wire" approach, whereby a CP
connects multiple receptors together in series. In a mono-receptor system, a single
binding event elicits response in one receptor. Immobilizing receptors on a CP wire,
however, provides extended electronic communication and transport throughout the
system, which facilitates efficient energy or charger carrier migration over large
distances. As a result, analyte interactions generate a more global and collective system
response.
Traditional Chemosensor:
Sensitivity related to the equilibrium constant
K = [Bound receptor]/[Unbound receptor][Analyte]
()
0-<+ 
Molecular approach: receptors wired in series
Amplification due to a collective system response
+0
I
= I_
Figure 1.8. Schematic representation of the molecular wire approach.
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Signal Transduction Based on Fluorescence
Fluorescence sensor provides a very powerful and sensitive signal transduction
scheme for many chemosensors, including CP-based systems. Signals can be monitored
via wavelength shifts or intensity changes. In 1995, Zhou and Swager conducted parallel
studies on a paraquat (PQ) indicator containing a fluorescence cyclophane monomeric
receptor and its polymer analogue (Figure 1.9).1415 In the polymeric system, occupation
of only a fraction of the receptors resulted in complete quenching. This is in stark
contrast to the monomeric scheme, where each receptor must be occupied to effect
complete attenuation. The band diagram in Figure 1.9 elucidates the quenching
amplification mechanism. Upon photon absorption, the exciton moves freely along the
backbone over a large distance. Paraquat binding produces a trap in the bandgap where
the electron transfer deactivates the exciton and prevents radiative recombination.
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Figure 1.9. Proposed mechanism on the fluorescence quenching in polycyclophane
upon paraquat binding.
Yang and Swager reported the synthesis of fluorescent polymers with a rigid shape-
persistent iptycene scaffold to detect TNT and DNT with unparalleled sensitivity.' 6 The
iptycene comonomer in polymer 1 creates a porous polymer network and prevents
polymer aggregation, which often attenuates polymer fluorescence. It also serves as a
receptor since its nt-electron cloud complements the xn-electron accepting nitroaromatic
molecules.
In addition to small molecules, Figure 1.10 shows examples of fluorescence polymers
capable of detecting metal ions and anions. Polymers 2 and 3 demonstrate sensitivity
towards a variety of metal ions, as metal coordination to the heteroaromatic groups alters
the absorption and emission characteristics of these systems. 17 The 2:1 complex between
the cyclic ether groups of polymer 4 and K+ induces polymer aggregation and causes
dramatic fluorescence attenuation.'8 Fluoride-induced silyl cleavage of the TIPS group in
polymer 5 reveals the phenol functionality, which then cyclizes to the unsaturated ester in
5a. The resulting couramin group creates a local distortion in the polymer band gap. The
thiophene linker provides electronic communication between the tethered couramin and
the polymer backbone and facilitates energy transfer to the fluorophore.' 9
OCH13
OC14H29 OC6H,3
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Figure 1.10. Examples of CP-based fluorescence chemosensors.
The above examples offer a glance into the exciting field of CP fluorescence sensors
that encompasses a wealth of excellent and innovative work. The interested reader could
refer to the literature for more comprehensive reviews on this topic.2
Conductometric and Potentiometric Sensors
Figure 1.11 demonstrates the effects of analyte interactions on the electron flow of a
doped CP strand connecting two electrodes. In the absence of an analyte, the polymer
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EFigure 111. An idealized conductometric sensor comprised of one CP wire. Single
occupation of a receptor unit (shown in red) raises the local redox energy and decreases
the conductivity of the wire.
possesses a relatively flat redox energy landscape on which charge carriers traverse. The
occupation of a receptor unit introduces a local perturbation of the redox potential along
the backbone. This creates a "roadblock" in the conduction pathway and the system
becomes less conductive, as charge carriers will require extra energy to overcome the
energy barrier, AE. In reality, however, the assembly of a single wire chemosensor is
often difficult and the operation is impractical. In a single wire scheme, energy
dissipation during charge injection at the metal-polymer interface can be detrimental to
the overall performance of the sensor. Recently, He and coworkers reported discrete
conductance switching in systems that comprise of a few CP wires.2' Furthermore, the
propensity of a single wire of doped CP to degradation by the surrounding environment
means a short lifetime for the device. Presently, the top candidates for single wire CP
sensors include the shape persistent and remarkably stable single-walled carbon
nanotubes (SWNTs) and short oligomers of CP functionalized with thiol termini. z23
Figure 1.12 Charge transport between electrodes in a bulk doped CP film. Red crosses
indicate analyte-bound receptors with locally perturbed redox potentials. The white line
illustrates one of the many possible charge transport pathways.
In a bulk CP film, charge carriers traverse between electrodes via a combination of
intra- and inter- chain pathways. As mentioned earlier, local perturbations in the redox
potentials of the analyte-bound receptors create "roadblocks" in the macroscopic film
around which charge carriers must circumvent. As the number of these roadblocks
increases, the number of charge transport pathways decreases, while the average path
length increases. The polymer film becomes more resistive as a result.
Calixarenes constitute a class of versatile scaffolds for binding various analytes.
Figure 1.13 illustrates a system wherein sodium ions can selectively bind to the
calix[4]arene receptors tethered to the polythiophene backbone. Changes in the geometry
of the sodium-bound receptor leads to deconjugation of the CP backbone by disrupting its
planarity. Furthermore, the interactions between the positively charged metal ions and
the electron lone pair on the oxygen atoms at the 3 and 4 positions of thiophene repeat
units diffuse the oxygen atoms' electron donating ability to the polymer backbone. The
combined conformational and electronic perturbations lead to a 99% reduction of
conductivity in the polymer in the presence of sodium ions. 24
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Figure 1.13. Illustration of sodium binding to the calix[4]arene tethered polythiophene.
Binding of electron rich or deficient species to the polymer backbone also perturbs
the polymer's electronic properties." Figure 1.14 demonstrates the polythiophene analog
of the polycyclophane described in references 10 and 11. In the absence of analyte,
charge carriers (polarons or bipolarons) migrate freely along the polymer backbone.
Electronic interactions between the electron.deficient viologen and the electron donating
cyclophane raise the receptor's oxidation potential. The local elevation of redox energy
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Figure 1.14. Mechanism for conductivity attenuation in polycyclophane upon viologen
binding.
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relative to that of the unbound receptors creates sites of energy mismatch that decrease
the bulk conductivity.
Hybrid Systems and their Sensory Capabilities
The selectivity of the systems described relies on the high association constant of the
receptor/analyte interactions. All-organic receptors excel in this regard, since one could
design a unique structure to target a specific analyte. However, the synthetic challenges
with which this scheme is associated render this approach inefficient and impractical. To
amend this deficiency associated with all organic CP chemosensors, we began
investigating organic metal hybrid systems. Scientists have long utilized organic
polymers as support materials to embed redox active transition metal ions for
electrocatalysis, electroanalysis and electrochromism.26 By incorporating them into a CP
network, one essentially "wires" the metal complexes together and allows for crosstalk
between metal centers. This also enables the metal complexes to harness the energy from
the CP charge carriers in a thru-bond or thru-space fashion. We are particularly
interested in hybrid systems for sensory applications because transition metal ions bind to
a variety of anions and small molecules. The specificity and selectivity of metal-analyte
binding depends on the elements, the oxidation state and the coordination environment of
the metal ions. Figure 1.15 illustrates two possible ways to accommodate metal ions in
organic CPs. In the first scenario, the metal ions connect fragments of terminally
functionalized CP spacers and become part of the polymer backbone. In the second
scenario, chelating linkers extended from the polymer hold the metal ions in the
periphery of the CP backbone. In both cases, the organic CP framework serves as the
signal transducer and reporter. The metal ions function as the receptors and often partake
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in the charge transport pathway. The greatest advantage afforded by this design principle
lies in its versatility. Because the CP scaffold is capable of binding to ions of multiple
elements, one could detect a wide range of analytes with a single organic scaffold by
choosing the appropriate metal ions (Figure 1.16).
Figure 1.15. Schematic representation of two variants of CP metal hybrid systems. The
yellow hexagon represents the metal ions, while the red portion refers to the organic
polymer.
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Figure 1.16. Utilization of organic metal hybrid chemosensors to target different
analytes (crosses and pentagons) by choosing the appropriate metal ions (ovals).
As in any sensor scheme, communication between the receptor and the signal
transducer plays a pivotal role in the sensor's performance and sensitivity. In a CP metal
hybrid scheme, this implies the intimate involvement of the metal ions or metal
complexes in the bulk charge transport pathway. Zotti and coworkers reported that the
greatest interactions between the CP backbone and the ferrocene pendant groups occurred
when the redox potentials of the polymer matched that of the metal complexes.' They
also reached the insightful conclusions that the polymer chain and the pendant redox sites
must be comparable in redox energy to permit electron exchange, and that these
interactions led to conductivity enhancement.
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Zhu and Swager have observed conductivity enhancement in conducting
polymetallorotaxanes.28 For PolyRot(6, Cu), the Cu'+'2 + redox couple produces no
measurable conductivity due to poor redox matching. In PolyRot(7, Cu), however, the
redox wave of the Cu'+/2+ redox couple overlaps that of the polymer's electroactivity.
This creates isoenergetic sites in the CP band and the metal centers between which charge
carriers can hop. Moreover, the self-exchange of Cu'+/Cu2 + mediates electron hopping of
the doped polymer chains and the system becomes more conductive as a result. On the
other hand, the redox inactive Zn2+ ions impart negligible influence on the
electrochemical properties of either polymer. Washing the polymer films with base
removes the metal ions to afford the metal free polymers. Subsequent Cu2+ treatment of
the metal free polymers readily regenerates the organic metal hybrid polymers with
retention of their electrochemical properties.
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M = Zn2+, PolyRot(6, Zn) M = Zn2 + , PolyRot(7, Zn)
M = Cu+, PolyRot(6, Cu) M = Cu+, PolyRot(7, Cu)
In realizing hybrid systems as conductometric chemosensors, one could envision two
possible scenarios. In a turn-on sensor, analyte binding leads to better redox matching
between the polymer and the metal centers. On the contrary, if a binding event disrupts
the isoenergetic state of the metal center with respect to the polymer chain, the
conductivity should decrease and one obtains a turn-off sensor. Our group provided
experimental evidence of the former in Poly8.2 9 Binding of nitric oxide to the unsaturated
paramagnetic Co2+ pushes the redox potential of the Co2+/ Co3 + couple to a potential that
overlaps with the polymer redox activity. As a result, the conductivity of the polymer
film increases by 30%. In addition, the reversibility of the response and the resiliency of
the polymer make Poly8 a promising candidate for real-time detection.
N, /N N N-
C 0 n 1
AN0~ A+NO
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Summary and Future Outlook
In summary, conjugated polymers are a class of materials with unique properties that
can potentially be utilized in the design of organic-based devices. Taking advantage of
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the collective transport properties in CPs, our group has been successful in utilizing CPs
as the sensory element for small molecule detection. This thesis describes our effort to
incorporate supramolecular elements into CPs. The marriage of these two disciplines
produces materials of complex and unique photophysical and/or redox properties, which
can be exploited to develop sensitive chemosensors
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Chapter 2:
Emissive Rotaxanated Polymer for Sensory Applications
Adapted in part from:
Kwan, P.; MacLachlan, M. J.; Swager, T. M. J. Am. Chem. Soc. 2004, 126, 8638.
Introduction
Supramolecular chemistry is a branch of chemistry that studies the "chemistry beyond
the molecule". A supramolecular complex or supermolecule refers to an ensemble of two
or more discrete molecules via non-covalent interactions. Despite its rather recent
emergence in the late 1970s, the field of supramolecular host-guest chemistry rose to
preeminence and received its hallowed stature when C. J. Pedersen', D. J. Cram2 and J.
-M. Lehn3 were awarded the Nobel Prize in chemistry for their work on host-guest
complexes in 1987. Supramolecular systems are ubiquitous in nature. Using both
covalent and non-covalent interactions as tools, nature constructs complex biological
machineries from simple building blocks such as amino acids and nucleotide bases. This
concept of component integration to perform complex functions sparks the interest and
creativity of chemists and physicists alike, who observe the analogy between biological
molecules and supramolecular systems. They raise the challenging hypothesis that
supramolecular systems, when suitably designed, can mimic the useful functions of
common macroscopic devices and machines on the molecular level. Assuming the role
of engineers and architects on the molecular level, scientists have successfully
demonstrated the capability of supramolecular systems to perform a range of functions
including molecular-level antennae, switches, memory elements, logic gates, sensors,
wires and machines.4 56 '7 In particular, interlocked structures such as rotaxanes, catenanes
and knots have become the preferred framework for the design of molecular devices and
machines. A rotaxane consists of a threading unit inside a macrocycle, and two bulky
stoppers at the ends of the axle to prevent dethreading, while a catenane is made up of
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Figure 2.1. Examples of supramolecular machines. (top) A switchable catenane.8
(middle) pH-induced switching from a pseudorotaxane.9 (bottom) A redox switching
rotaxane. 10
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two interlocked macrocycles. In these multi-component systems, the interlocked subunits
inevitably interact with one another depending on the distance and the relative
configuration between them. Because these interactions can generate complex and
unexpected collective properties, supramolecular systems offer greater diversity than
their single molecule counterparts. Figure 2.1 illustrates examples of supramolecular
machines. Despite their diverse structures, the working mechanism of these systems have
a few shared fundamental similarities. An external stimulus causes the reorganization of
the subunits in the supramolecular system and changes the way these subunits interact.
The perturbation alters the collective properties of the system and produces a detectable
signal. The external stimulus can include optical excitations, redox processes, pH
changes or the addition of ions. The geometrical change in the subunits often involves
linear displacement, rotary motion or folding/un-folding processes. Optical and
electrochemical signals are the two most frequently employed detection methods.
Recently, our group has reported a rotaxane exciplex 1, wherein a charge transfer
complex forms in the excited state between the electronically complementary
chromophores (Figure 2.2).n Upon further examination, we have discovered that the
interlocked configuration prompts the necessary proximity and parallel configuration
between the donor and acceptor (DA) pair for intramolecular exciplex formation. In
addition, the phenanthroline and 2,2-bipyridyl units provide a cavity for metal binding,
and the resulting tetrahedral complex quenches exciplex fluorescence via energy and/or
electron transfer. We shall discuss the optical properties of rotaxane exciplexes in details
in Chapter 3. The complexity of rotaxane 1, both in its architecture and properties,
I
Figure 2.2. A rotaxane exciplex developed by our group.
intrigued us and compelled us to investigate the consequences of extending the rotaxane
groups to conjugated polymers. In particular, the formation of an emissive exciplex
between a conjugated polymer donor and immobilized acceptor groups presents a
scientific curiosity with far-reaching implications in the development of optoelectronic
devices. Previously, conjugated polymer exciplexes have been observed at the
heterojunctions of block copolymers or 1 mer blends. 2 ' 13 4 ' 15 By choosing an
indiscriminate electron acceptor, Lin and coworkers have reported photoinduced charge
transfer and exciplex emission in a fullerenes/conjugated polymer mixture in non-polar
solvents.'6 In addition, the rotaxane groups create precise three-dimensional molecular
recognition elements. When tethered to conjugated polymers, these systems will yield
sensitive chemosensory response. 7
Results and Discussion
Synthesis of the Rotaxane Monomer and Polymer
Rotaxane 1 suffers a critical flaw in that the threading unit is prone to cleavage at the
ester linkages, thus 1 decomposes under the standard PPE polymerization conditions
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employed by our group. We attempted to amend the problem by replacing the ester
bonds with the more stable amide and methyl ether linkages. As illustrated in Scheme
2.1, the synthesis of rotaxane 3 was analogous to that of the previously reported rotaxane
1", with the tris(p-tert-butylphenyl)(4-aminophenyl)methane as the stopper.
Surprisingly, rotaxane 3 was observed only transiently in the NMR spectrum of the crude
product and promptly decomposed. Scheme 2.2 shows the synthesis of rotaxanes 4.
Rotaxane 4 was synthesized in 83% yield using Cu(I)-templated assembly of 5,5'-bis-
bromomethyl-[2,2']bipyridyl and macrocycle 1, a method pioneered by Sauvage, 8
followed by Williamson etherification with the stopper tris(p-tert-butylphenyl)(4-
hydroxyphenyl)methane. In addition, we prepared rotaxane 6 via Sonogashira coupling
as a model compound according to Scheme 2.3. To our disappointment, rotaxane 4
exhibited no exciplex emission. Nonetheless, we decided to pursue the molecular
recognition aspect of the rotaxane for chemosensory response.
Scheme 2.1. Attempted synthesis of amide rotaxane.
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Scheme 2.2. Synthesis of rotaxane 4 and rotaxanated PPEs.
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(i) CuI; bpy(CH 2Br) 2; K2CO3, p-(BuC 6H4)3CC 6H4OH; KCN. (ii) Pd(PPh3)4, R(C-CH) 2,
CuI, toluene/HN'Pr 2, 65C; KCN.
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Scheme 2.3. Synthesis of the model rotaxane 6.
(i)
(i) Pd(PPh3)4, PhC-CH, CuI, toluene/HNiPr 2, 650 C; KCN.
The choice of the dialkoxybenzene and pentiptycene comonomers in the
polyrotaxanes was a historical one, given our extensive experience with these systems.
Although we found rotaxane 4 to be quite robust, repeated attempts to polymerize the
rotaxane under conventional polymerization conditions'9 yielded only short oligomers
and rather significant decomposition after 60 hours. Alternatively, microwave irradiation
dramatically reduced reaction time from more than two days to under an hour with only
minimal decomposition. Microwave-assisted Sonogashira-Hagihara coupling of 4 with
the corresponding aryl diacetylene afforded poly(p-phenyleneethynylene)s (PPEs) 5a (DP
20) and 5b (DP _ 30) (Scheme 2.2).2021 ,22
To thoroughly investigate the effect on the rotaxane groups, we obtained PPE analogs
without the rotaxane groups, namely 7 and 8. (Figure 2.3).
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7Figure 2.3. Control polymers 7 and 8 without the rotaxane groups.
Absorption and Emission Studies
The absorption and emission maxima, excited state lifetimes and quantum yields of
the metal-free polymers are typical of PPEs (Figures 2.4 and 2.5). These similarities
indicate that the incorporation of the rotaxane groups imparts negligible influence on the
electronics of the conjugated polymer backbone. The pendant bulky rotaxane groups
enhance the polymer solubility in organic solvents and prevent interchain aggregation, as
evident by the absence of red shift in the polymer solid state emission. In the absence of
the threading unit, the macrocyclic control polymer 8 is only marginally soluble in most
common organic solvents and aggregate in thin films.
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Figure 2.4. Absorption and emission spectra of 5a acquired at room temperature in
CH2CI2 (solid), thin film (dash) and zinc-doped thin film (line-dot). The quantum yield
and lifetime correspond to metal-free polymers in solution, ;exc = 385 nm.
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Figure 2.5. Absorption and emission spectra of 5b acquired at room temperature in
CH2C12 (solid), thin film (dash) and zinc-doped thin film (line-dot). The quantum yield
and lifetime correspond to metal-free polymers in solution.3b, Xexc = 400 nm.
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Polymer Interactions with H-donors
1,10-phenanthroline and 2,2-bipyridyl are well-known hydrogen bond acceptors. To
investigate the scope and spatial requirement of this interaction and its effects on the
polymer emission, we sought to test our polymers with well-known H-bond donors. In
this regard, phenols, whose hydrogen bonding interactions with electron deficient N-
heteroaromatics have been extensively investigated, present the ideal class of
candidates."'
Exposure of polymers 5a and 5b to phenols results in fluorescence quenching, both in
solution and thin films. In the solid state, the response is reversible as the polymer
fluorescence returned to >90% of the original intensity after exposure to a stream of air
(or an inert gas) for 10 min. Figure 2.6 shows the Stern-Volmer plots of fluorescence
quenching in various polymer thin films in the presence of phenol vapors. Fluorescence
quenching reveals linear Stern-Volmer behavior, indicative of dynamic diffusive
quenching. In addition, the residual polymer emission is slightly red-shifted by about
6nm in the presence of phenol vapor, which suggests weak perturbation to the polymer
backbone. As Figure 2.6 reveals, polymer 5b exhibits more efficient response to phenol
vapor than 5a in thin films. We attribute this to the smaller and more flexible
dialkoxybenzene co-monomer (compared to the rigid pentiptycene), which affords higher
porosity in polymer film morphology (Figure 2.7).
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Figure 2.6. Fluorescence quenching of polymer thin films upon exposure to phenol
vapor (room temperature). For 5a and 7 and 8, Xexc = 400 nm, fluorescence monitored at
455 nm. For 5b, ,exc = 420 nm, fluorescence monitored at 475 nm.
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Figure 2.7. Schematic representation of polymer porosity in 5a (left) and 5b (right) with
two different comonomers.
As expected, the polymer thin films respond to other H- bond donors such as p-
nitrophenol and 2,2,2-trifluoroethanol. The extent of quenching depends primarily on
analyte diffusion and the pKa of the analyte. Table 2.1 shows the pKa and vapor pressure
of the various analytes. Theoretically, analytes with lower pKa values should quench
polymer fluorescence more efficiently. However, fluorescence quenching experiments
with various analytes show that pKa is not the only relevant property (Table 2.2). For
instance, benzoic acid, with pKa of 4.20, is a less potent quencher than phenol, a weaker
acid with a pKa of 10.0. We attribute this interesting observation to the low vapor
pressure of benzoic acid crystals, which exist as dimers under ambient conditions. In
comparison, phenol is more volatile and therefore has a higher vapor concentration in the
sample chamber. Similarly, the low boiling 2,2,2-trifluoroethanol induces a greater
response than the more acidic p-nitrophenol and benzoic acid.
Table 2.1. The pKa and vapor pressure values for selected analytes.
Analyte pKa Vapor pressure
Phenol 10.0 0.4 mm Hg @ 20°C
p-nitrophenol 7.2 2.2 mm Hg @ 146°C
2,2,2-trifluoroethanol 12.4 52 mm Hg @ 20°C
Benzoic acid 4.20 1 mm Hg @ 96°C
Table 2.2. Stern-Volmer constant of polymer 5a quenching with various analyte.
Analyte Ksv (1) a
Phenol 0.00296
p-nitrophenol 7.37x 10 4
t-butylphenol 4.70x104
Benzoic acid 6.76x 10-5
2,2,2-trifluoroethanol 0.00152
(a) Slope of the Stern-Volmer plot (F0 F) as a function of time.
Steric demand of the analyte also plays a role in the efficiency of the acidic quencher.
Phenol vapor penetrates into the polymer matrix more effectively and readily interacts
with the rotaxane units compared to the bulky t-butylphenol. This accounts for the
disparity in the quenching response illustrated in Table 2.2. Exposing control polymers 7
and 8 to phenol vapors elicits negligible response (Figure 2.6). These results confirmed
our assertion that the rotaxane groups were solely responsible for the interactions with
acidic alcohols.
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Mechanism of Polymer/Quencher Interactions. Fluorescence quenching data
alone is inadequate to address the nature of polymer/acidic alcohol interactions. To
distinguish between complete proton transfer and hydrogen bonding, one must determine
the basicity of the rotaxane repeat units. Sauvage and coworkers have demonstrated that
the basicity of catenane shown in Figure 2.8 is several orders of magnitude higher than
that of its open chain analogue. NMR studies show that the basicity enhancement
originates from the interlocked topology of the supramolecular structure. 25
Figure 2.8. The (left) catenane and (right) open chain analogue. The pKa values of
these two molecules are 8.5 and 5.1, respectively. (ref. 25)
We conducted NMR studies following previously reported procedures to investigate
topological enhancement of basicity in our system. The H NMR spectra of macrocycle 2
and rotaxane 4 were recorded in 70:30 CD2CI2/CD3CN under the four different
conditions, as illustrated in Figures 2.9 and 2.10, respectively. The conditions and the
assumed pKa values of the acid/base couple of the buffers are given in Table 2.3.
Comparing Figures 2.9 and 2.10, in neat NMR solvent mixture (condition 1), both
macrocycle 2 and rotaxane 4 exist in their deprotonated form, while they become doubly
protonated in 1% TFA (condition 4). Since both compounds remain deprotonated in a
morpholine buffer (pK - 8.7), they will unlikely participate in acid-base chemistry with
phenols, which generally have pKa values of 9-10. In a 2,6-lutidine buffer, we observed
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dramatic peak shifts in the NMR spectra of rotaxane 4, indicative of monoprotonation,
while the macrocycle remains deprotonated. These experimental findings provide
evidence for the topological enhancement of basicity in rotaxane 4 compared to
macrocycle 2. From these results, we conclude that the addition of the threading unit
enhances the basicity of the rotaxane architecture. Nonetheless, the rotaxane remains too
weak of a base to participate in acid/base chemistry with the acidic alcohols studied in
this work (namely, phenols and trifluoroethanol), hence hydrogen bonding is the
predominant mechanism for the interaction.
Table 2.3. Conditions for the NMR studies in a 70:30 CD2CI2/CD3CN solvent mixture.
Condition Additive" b Estimated pKa
1 N/A N/A
Morpholine
2 ([BH +]/[B]) =.62/38 8.7
2,6-lutidine
3 ([BH+]/[B]) = 62/38 6.6
4 1% TFA <1
a Buffers were prepared according to procedures described in Reference 25.
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Figure 2.9. NMR spectra of macrocycle 2 under different conditions and the various
protonation stages. The solvent mixture is 70:30 CD2Cl2/CD3CN. (See Table 2.3 for the
various conditions.)
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Figure 2.10. NMR spectra of rotaxane 4 under different conditions and the various
protonation stages. The solvent mixture is 70:30 CD2CI2/CD 3CN.
Possible Quenching Mechanism by Acidic Alcohols
Hydrogen bonding of N-heteroaromatic molecules is analogous to a weak metal
binding interaction in that both processes impart a partially positive charge on the N-
heteroaromatic group by depleting its electron density. In the rotaxane, metal binding
creates a tetrahedral complex that quenches fluorescence by either energy and/or electron
transfer. By comparison, hydrogen bonding is a weaker interaction with less
directionality. Nonetheless, the similarities between these two interactions prompt us to
infer that acidic alcohols bind to the phenanthroline (or bipyridine) portion of the
N
0
142v
+ 'Vý ? +I 1 0 1
N
-0
~~0 0
rotaxane and quench polymer fluorescence by facilitating exciton trapping. Figure 2.11
illustrates our postulation.
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Figure 2.11. Schematic representation of polymer fluorescence quenching by phenol.
Polymer Interactions with Transition Metal Ions
In addition to hydrogen bonding, the tetrahedral pockets predispose the rotaxane
repeat units to metal binding. A new absorption band centered at 318 nm appears in the
absorption spectra of thin films cast from a solution mixture of the polymers and zinc(II)
perchlorate (Figure 2.12). From the control experiment with rotaxane 4, we have
demonstrated that the new absorption feature can be ascribed to the metal-bound
tetrahedral complex absorption. Compared to their metal-free counterpart, the doped
films exhibit red-shifted and visibly weaker emission. This observation is in accord with
the previous studies on rotaxane exciplexes by our group, wherein metal binding
attenuates rotaxane emission." In a polyrotaxane molecular wire, metal binding to the
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Figure 2.12. (Left) Absorption spectra of 5b in CH3CN/CH 2CI2 (solid line) and 1 mM
Zn(C104 )2 in CH3CN/CH2CI2 (dashed line). (Right) Fluorescence change of 5b in
CH2CI2 with 1 gM increments of Zn(Cl0 4 )2 . ),x, = 400 nm.
polymer creates low energy states within the bandgap of the polymer. By design, the
tetrahedral metal complexes are immobilized in the periphery of the polymer, hence
exciton trapping occurs in a very facile manner. Surprisingly, exposing the Zn-doped
polymer thin films to alkyl alcohols reversibly modulates the effect of the metal centers
and reverses the quenching by up to 25% (Figure 2.13). In contrast, we observed minor
but irreversible quenching from water vapor; most likely due to photobleaching. Because
of the similar size and dipole moment, selective detection of methanol and water presents
a challenging effort. We attribute the selectivity observed in our polymer thin films to
the hydrophobic environment created by the threading unit and phenanthroline portion of
the rotaxane, which efficiently prevents water from penetrating into the polymer network.
For Zn-doped 5b thin films, methanol, the smallest and lowest boiling primary alcohol,
induces the greatest fluorescence change, while secondary alcohols such as cyclohexanol
elicit less response. Doped films of 5a also show similar trends.
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Figure 2.13. Fluorescence change at 479 nm in Zn-doped films of 5b after 400s exposure in saturated vapors at 25 C. Inset:
Relative fluorescence change of Sb film in methanol vapor as a function of time. ,xc = 400 nm. Results are representative.
The mechanism of fluorescence unquenching in the polyrotaxane thin films in the
present of alkyl alcohols remains debatable. Alcohol binding to the metal center swells
the polymer film and changes its morphology, thereby affecting the polymer
fluorescence. Alternatively, one could explain the phenomenon from an electronic
perspective. The electron donating oxygen atom of the alcohol can raise the electron
density of the tetrahedral complex and alleviate the partial positive charges of the
phenanthroline and pyridine groups. The increased electron density of the metal
complex, in turn, reduces its exciton trapping efficiency and reverses the metal-induced
fluorescence quenching in the polymer.
Conclusions
In conclusion, we have synthesized conjugated polymers with tethered rotaxane
groups. The polymer fluorescence was greatly attenuated in the presence of phenols as a
6-5
. . .
I . . .
result of hydrogen bonding. Alternatively, exposing the Zn-doped polymers to alcohol
vapor resulted in an increase in the emission. These results demonstrate the intricacy of
macromolecular photophysics, and present a fertile ground for future complex
chemosensor development.
Experimental Section
Materials. Air- and moisture-sensitive reactions and measurements were carried out
in flame-dried glassware or sealed chambers using standard Schlenk-line or drybox
techniques under an inert atmosphere of dry argon. Pd(PPh3)4 was obtained from Strem.
Tris(p-tert-butylphenyl)(4-hydroxyphenyl)methane, (p-aminophenyl)tris(p-tert-
butylphenyl)methane, macrocycle 2, 5,5'-Bis-bromomethyl-[2,2']bipyridyl, 1,4-
diethynyl-2,5-bis-octyloxy-benzene, and 1,4-diethynyl-pentiptylcene were prepared by
literature procedures.627 '2829 Diisopropylamine and toluene were obtained from Aldrich
and were purified by distillation from sodium prior to use. The synthesis of the control
polymer 7 will be reported in a forthcoming publication.30
Equipment. All reactions and manipulations were carried out under an atmosphere
of inert argon or nitrogen using Schlenk techniques or in an inert-atmosphere glovebox
(Innovative Technologies) unless otherwise noted. Solution 500 MHz 'H NMR spectra
and 125.8 MHz '3C NMR spectra were recorded on a Varian Unity 500 spectrometer and
were referenced to CDC13 ( = 7.27 ppm and = 77.23 ppm, respectively). UV-Vis
spectra were obtained in various solvents from a Cary 50 UV-Visible Spectrophotometer
using a 1 cm quartz cuvette. IR spectra were obtained as pressed KBr pellets with a
Perkin-Elmer 2000 FT-IR spectrometer. Mass spectra were obtained on a Bruker
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Daltonics APEXII3 Tesla FT-ICR mass spectrometer using electrospray ionization.
Fluorescence studies were conducted with a SPEC Fluorolog-2 fluorimeter (model
FL112, 450 W xenon lamp). All emission and excitation spectra were corrected for the
detector response and the lamp output. The time of fluorescence decay was determined
by a phase-modulation method3 ' using frequencies from 10 to 200 MHz and using
Ludox-water solutions (scattering sample, X = 0 ns, right-angle geometry) as a standard.
The experimental errors were typically 4-8% in phase angle and 1-3% in modulation.
Quantum yields were referenced to acridine yellow in ethanol (F = (0.47-0.02))32
Polymer thin films on a cover glass (18 x 18 mm) were spin cast on a EC101DT
Photoresist Spinner (Headway Research, Inc.) using a spin rate of 3000 rpm from
chloroform solutions.
Synthesis of Rotaxane 4. In a 25mL Schlenk flask, 609mg (0.703 mmol) of 2 and
254mg (0.702 mmol) of Cu(CH3CN)4 PF6 were combined with 20 mL CH2C12. The
suspension was stirred at 40°C for an hour or until a brownish red color developed. 5,5'-
Bis-bromomethyl-[2,2']bipyridyl (240 mg, 0.710 mmol) was added and the contents
turned dark brown. After the mixture was stirred for another hour at r.t., 538 mg (excess)
K2CO3 was added, followed by Tris(p-tert-butylphenyl)(4-hydroxyphenyl)methane (771
mg, 3 equiv.) and the contents were stirred at r.t. for 5 days. The reaction contents were
diluted with 50 mL CH2CI2 and washed with aqueous KCN until the solution turned
beige. The organic phase was washed with 2 x 100 mL of water then solvent evaporated
to leave a yellow solid. The product was purified by flash chromatography on silica gel.
Excess stopper, unconsumed macrocycle and the product were eluted (in that order) in
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solvent gradient from CH2Cl2 to 10% EtOAc in CH2Cl2. The product was evaporated to
dryness to give an off-white solid. Yield: 1.15 g (83% based on consumed macrocycle).
Data for 4. '3C NMR (125.799 MHz, CDC13) = 159.813, 157.169, 156.473, 155.449,
153.005, 148.531, 148.375, 146.463, 144.331, 140.268, 136.699, 133.140, 132.609,
132.499, 130.889, 129.370, 127.585, 125;783, 124.273, 123.220, 121.198, 119.963,
115.076, 113.658, 86.957, 70.376, 69.955, 69.818, 67.449, 67.521, 63.248, 53.649,
34.470, 31.587 ppm. 1H NMR (500.248 MHz, CDCI3) 6 = 8.60 (s, 2H), 8.20 (dd, J = 8.2
Hz, 4H), 8.08 (d, J = 8.2 Hz, 4H), 7.92 (d, J = 8.5 Hz, 2H), 7.79 (d, J = 7.9 Hz, 2H), 7.73
(s, 2H), 7.20 (d, J = 8.5 Hz, 12H), 7.12 (d, J = 8.8 Hz, 4H), 7.10 (d, J = 8.5 Hz, 12H),
6.93 (s, 2H), 6.82 (d, J = 8.5 Hz, 2H), 6.79 (d, J = 8.8 Hz,4H), 4.922 (s, 4H), 4.03 (m,
8H), 3.86 (m, 4H), 3.81 (m, 4H), 1.30 (s, 54H) ppm. HRMS m/z = 2056.7534 ([M+H] +)
(calc'd m/z = 2055.7894). UV-Vis (CH2Cl2) max(e) = 284 (8.25), 240 (11.0), 229
(11.0) nm (104L mol -' cm-') IR (KBr disc) n = 3032 (m), 2961 (s), 2902 (m), 2867 (m),
1602 (s), 1588 (m), 1505 (s), 1487 (m), 1406 (m), 1395 (w), 1362 (m), 1249 (s), 1182
(m), 1130 (w), 1059 (m), 1018 (m), 928 (w), 824 (s), 731 (m), 639 (w), 580 (m).
General Procedure for Microwave-assisted Synthesis of Polymer (5a and 5b).
Rotaxane 4 (50 mg, 0.024 mmol), dialkyne (1.05 equiv.) were combined in a 10 mL
microwave reaction vessel, CuI (6 mg, 0.031 mmol) and a spatula tip of Pd(PPh3)4 were
added to the vessel. The contents were suspended in degassed 0.5 mL diisopropylamine
and 1 mL toluene. The reaction was conducted at 115C for 50 min. (60 psi max, 300 W
maximum power) under microwave irradiation. After the reaction, the contents turned
dark red and a gel was observed on the wall and bottom of the tube. The contents in the
tube were diluted with 100 mL CHCI3. The dark red solution was filtered. The solid was
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added to a mixture of CHCl3 and aqueous KCN and stirred at 60°C until it completely
dissolved. The combined organic layer was washed with aq. KCN, 2 x 100 mL water and
brine. The highly fluorescent solution was dried over Na2SO4 and rotovaped to dryness.
The residue yellow solid was dissolved in minimal amount of CHCl3 (< 0.7 mL) and
added to 75 mL of methanol under vigorous stir. The product was filtered and washed
with copious amount of methanol and dried to yield a bright yellow solid.
Data for 5a. Yield: 45 mg. 'H NMR (500.248 MHz, CDCl 3) 8= 8.436, 8.186, 8.066,
7.914, 7.713, 7.367, 7.186, 7.075, 6.788, 6.072, 5.838, 4.621, 4.549, 4.470, 4.012, 3.810,
3.714, 1.270 (all broad peaks) ppm. IR (KBr disc) n = 2962 (s), 2902 (m), 2867 (m),
2205 (w, uC-=C), 1604 (m), 1506 (s), 1489 (m), 1458 (m), 1363 (m), 1248 (s), 1177 (m),
1111 (w), 1019 (m), 824 (m), 749 (m), 668 (m), 568 (m).
Data for 5b. Yield: 42 mg. H NMR (500.248 MHz, CDCl 3)6 = 8.526, 8.136, 8.061,
7.996, 7.853, 7.681, 7.128, 7.041, 6.725, 6.657, 4.863, 4.007, 3.880, 3.701, 1.103 (all
broad peaks) ppm. IR (KBr disc) n = 2957 (s), 2922 (m), 2865 (m), 2205 (w, UCC),
1603 (m), 1587 (m),1506 (s), 1488 (m), 1465 (m), 1419 (w), 1362 (m), 1247 (s), 1173
(m), 1125 (s), 1019 (m), 823 (m), 638 (m), 617 (s).
Synthesis of Rotaxane 6. In a 25mL Schlenk flask, rotaxane 4 (40 mg, 0.0195
mmol), 11 mg (0.0578 mmol) CuI, 2 mL toluene and 1 mL iPr2NH were combined. The
solution was purged with argon for 30 min., at which time 3 mg (0.003 mmol) Pd(PPh3 )4
and 50 gL (0.455 mmol) ethynylbenzene were added. The mixture was stirred at 60°C
for 24 h then evaporated to dryness. The contents were dissolved in 100 mL CH2C12 and
washed with 100 mL of water plus ca. 65 mg KCN. The organic layer was washed with
2x 100 mL water and brine and then filtered. Following chromatography on SiO2, eluting
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by-products/starting material with CH2Cl2 the product was eluted with 1:9 ethyl acetate:
CH2CI2. Recrystallization by slow diffusion of CH3CN layered onto a solution of the
crude product in CH2Cl2 afforded 4 as off-white crystals (34 mg, 83%).
Data for 6. 13C NMR (125.799 MHz, CDCI3) = 206.052, 159.867, 157.097,
156.533, 155.439, 153.593, 148.536, 148.335, 146.430, 144.359, 140.146, 136.615,
133.028, 132.516, 132.410, 131.751, 130.880, 129.319, 128.499, 125.732, 124.239,
123.346, 121.116, 119.847, 117.731, 115.116, 114.452, 113.595, 99.869, 95.564, 69.943,
69.870, 69.700, 67.644, 67.516, 63.220, 34.462, 31.581 ppm. 'H NMR (500.248 MHz,
CDCI3) 6 = 8.57 (s, 2H), 8.18 (t, J = 8.24 Hz, 4H), 8.07 (d, J = 8.84 Hz, 4H), 7.91 (d, J =
8.24 Hz, 2H), 7.72 (dd, J = 1.83 Hz, J = 8.24 Hz, 2H), 7.695 (s, 2H), 7.352 (dd, J = 1.83
Hz, J = 7.63 Hz, 4H), 7.171 (d, J = 8.85 Hz, 20H), 7.051 (d, J = 8.85 Hz, 20H), 6.810 (s,
2H), 6.791 (d, J = 8.85 Hz, 4H), 6.752 (d, J = 9.16, 4H), 4.970 (dd, J = 11.90 Hz, J =
21.97 Hz, 4H), 4.816-3.822 (m, 16H), 1.267 (s, 54H) ppm. HRMS m/z = 2005.0013
([M+H]+) (calc'd m/z = 2004.0587). UV-Vis (CH2C12) Xm,(e) = 355 (4.68), 287 (9.49),
238 (11.5), 229 (11.4) nm (104L molP' cm-'). IR (KBr disc) n = 3033 (m), 2961 (s), 2902
(m), 2867 (m), 2205 (w, uC-C), 1602 (s), 1588 (m), 1505 (s), 1487 (s), 1406 (m), 1362
(m), 1248 (s), 1175 (s), 1128 (m), 1057 (m), 1018 (m), 933 (w), 823 (s), 755 (m), 690
(m), 638 (s), 587 (s), 528 (s).
Synthesis of Polymer 8. Macrocycle 1 (50 mg, 0.0577 mmol) and 1,4-diethynyl-
pentiptylcene (1.05 equiv.) were combined in a 25 mL Schlenk flask, CuI (12 mg,
0.0630 mmol) and Pd(PPh3) 4 (1 mg) were added to the vessel. The contents were
suspended in degassed 2 mL morpholine. The mixture was heated at 700 C for 2 days.
The contents turned dark red and solid precipitated as the reaction progressed. The
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solvent was removed in vacuo. The solid was added to a mixture of CHC13, CH3CN and
aqueous KCN and stirred at 600 C until the contents became an orange solid and a yellow
highly fluorescent solution. The organic layer was washed with aq. KCN, 2 x 100 mL
water and brine. The highly fluorescent solution was dried over Na2SO4 and rotovaped to
dryness. The residue yellow solid was combined with the orange solid. Purification was
achieved by subsequent soxhlet extraction with refluxing dichloromethane and methanol.
The product was collected and washed with copious amount of methanol and dried to
yield a yellow solid.
Data for 8. Yield: 23 mg. H NMR (499.756 MHz, DMSO-d6 ) 6= 8.479, 8.315,
7.933, 7.567, 7.514, 7.244, 6.931, 6.175, 4.972, 4.705, 4.352, 4.199, 4.084, 3.989, 3.750
(all broad peaks) ppm. IR (KBr disc) n = 2963 (s), 2906 (m), 1946 (w), 1599 (w), 1506
(s), 1446 (w), 1413 (m), 1261 (s), 1095 (s), 1021 (s), 865 (m), 801 (s), 703 (m), 662 (m).
Molecular Weight Determination Via NMR Endgroup Analysis. Polymer
samples were synthesized according to the synthesis described for 5a and 5b, with the
exception that 0.01 eqiv. of trimethylsilylacetylene was added into the reaction mixture.
Assuming each polymer chain was endcapped with TMS groups, the integration of the
TMS groups at 0.0 ppm is compared to that of the stopper methyl groups at 1.1 ppm to
obtain the approximate DP.
General Procedure for Spin-coating Polymer Thin Films
Metal-free Polymer Films. 4.5mg of polymer (5a, 5b and 7) was dissolved in 1
mL of chloroform. The polymer films were' spun at 3000 rpm for 1 minute and air dried
for at least 24 hours prior to use. At this concentration and spin rate, the resulting thin
films possessed optical densities of ca. 0.1 at the excitation wavelength.
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Metal-free Control Polymer Films. 4.5mg of polymer 8 was dissolved in 1 mL of
m-cresol. The solution mixture was gently heated and sonicated to obtain a yellow
solution with small amount of solid. The mixture was filtered and the solution was used
to cast thin films. The polymer films were spun at 4000 rpm for 1 minute and dried for
24 hours under vacuum at 800 C prior to use to ensure complete removal of m-cresol. At
this concentration and spin rate, the resulting thin films possessed optical densities of ca.
0.045 at the excitation wavelength.
Zn-doped Polymer Films. A 0.01M of Zn(CI0 4)2 in acetonitrile solution was
prepared. 50 gL of the Zn solution was added to the polymer stock solution. The
polymer films were spun at 3000 rpm for 1 minute and air dried for at least 24 hours prior
to use. At this concentration and spin rate, the resulting thin films possessed optical
densities of ca. 0.09 at the excitation wavelength.
General Procedure for Quenching Experiments on Thin Films
Sample thin film
Analyte adsorbed or
cottor
Teflon lid
Quartz cuvette
ilass shelf
Figure 2.14. Schematic setup of the vapor quenching experiment with thin films.
Quenching Experiments with Phenols and 2,2,2-trifluoroethanol. The analyte of
interest was placed in the bottom of the setup depicted in Figure 2.14. The cell chamber
was allowed to equilibrate for 5 minutes. The metal-free polymer thin film was placed
inside the cell immediately before data acquisition (t = Os).
Quenching Experiments with Alcohols (or water). A cotton ball soaked in
alcohol (or water) was placed in the bottom of the cell setup in Figure 2.14. The cell
chamber was allowed to equilibrate for 5 minutes. The Zn-doped polymer thin film was
placed inside the cell immediately before data acquisition (t = Os).
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Chapter 3:
Intramolecular Photoinduced Charge Transfer in Rotaxanes
Introduction
Interactions between an electron donor and an acceptor sometimes lead to complex
photophysical and/or photochemical phenomena. A donor-acceptor (DA) interaction in
the ground state gives rise to a charge transfer (CT) complex, characterized by the
emergence of a new absorption band at lower energies. An exciplex results from a
bimolecular interaction of an excited donor with a ground-state acceptor, and vice versa.
While both interactions quench the fluorescence of the parent molecules and occasionally
give rise to new emissive species, the ground state counterpart of an exciplex is
thermodynamically unstable. This report will focus on excited state charge transfer
complexes in rotaxanes.
Figure 3.1 depicts the reaction coordinate energy diagram of exciplex emission.' AEOO
refers to the 0-0 singlet transition of the emissive molecule of interest. When a
polarizable excited state molecule encounters a polarizable ground state molecule of a
different species, they can interact and form an exciplex. This metastable complex draws
most of its stabilization energy (Hex) from 'charge transfer interactions between the two
molecules, thus we will resort to using the terms donor (D) and acceptor (A). In general,
the electronic state of the exciplex, (A&D)*, is a combination between the charge-
transfer state, various excitation resonance and locally excited states (LES) (sometimes
including the ground state) between its constituents. Its wavefunction can be described as
= c,(A-D+)+ c2(AD)
ET
A D*
A D
ra D
Figure 3.1. Surface-energy diagram for exciplex emission.
Many exciplexes decay via nonradiative pathways. Some systems, however, exhibit
emissive exciplexes. As the exciplex relaxes to the neutral ground state donor/acceptor
pair, the stabilization energy from charge transfer interactions causes a red-shifted
emission compared to the LES fluorescence, as well as a longer excited state lifetime. In
addition, the exciplex emission is further red shifted by the repulsive forces, BErep of its
ground state counterpart. Exciplex formation requires direct orbital overlap between the
donor and the acceptor, it has been suggested that the optimal distance of the DA pair is
between 3 and 7 A.2 As a result, the photophysics of an exciplex is highly sensitive to
diffusion and the relative conformation of the DA pair. Diffusion-limited exciplex
formation in general exhibits bimolecular reaction kinetics.3 Furthermore, an exciplex
exhibits solvatochromic fluorescence due to its highly polar nature. In systems where the
LES and the (A-D+)* state are close in energy, the charge transfer step becomes
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reversible. In this case, one can vary the solvent polarity or temperature to observe dual
fluorescence. 4
Fluorescence quenching via electron transfer was originally proposed in the 1930s5.
In the 1960s, Leonhardt and Weller reported fluorescence quenching of perylene by
electron-donating (or electron-accepting) molecules.6 In addition, they observed a new
emission at longer wavelengths in nonpolar solvents. Since then, intermolecular
exciplexes have been extensively studied. Examples of DA pairs include
naphthalene/9,10-dicyanoanthracene,7 naphthalenes/conjugated dienes, 8 and
dimethoxybenzene/chlorobenzenes.9 Because the excited donor must encounter and
interact with a ground state acceptor (or vice versa) within its excited state lifetime,
intermolecular exciplexes are observed only at relative high DA concentrations.
In intramolecular exciplexes, the covalent connectivity between the donor and
acceptor greatly increases the effective concentration of the DA pair and the charge
transfer step becomes unimolecular. The nature of the covalent linker ranges from
flexible alkyl chains,' ° rigid bridged hydrocarbons" to semi-rigid and/or helical
biological moieties such as peptides and DNA.'2 By varying the length and rigidity of the
linker, one could control the distance and orientation between the donor and acceptor and
hence alter the exciplex's optical properties.'3
Previously, our group reported a unique class of emissive exciplexes by confining a
phenyleneethynylene-based donor and a bipyridine diester acceptor in a rotaxane
scaffold.'4 The single crystal X-ray structure confirmed the sandwich orientation of the
donor and acceptor with a cofacial distance of 3.50 A, both attributes in favor of exciplex
conformation. Furthermore, metal binding quenches the fluorescence (both exciplex and
gO
LES emission) by disrupting the sandwich conformation of the DA pair. In a subsequent
report, we demonstrated that substituting the ester linkage with a methylene-ether group
in the acceptor compromised its electron affinity, such that the rotaxanes showed
macrocycle LES emission that can be quenched by interactions with proton donors.'5
Similar to intermolecular exciplexes, the donor and acceptor in a rotaxane retain most of
their rotation and translational freedom without being covalently connected. Analogous
to typical intramolecular exciplexes, the mechanical restriction of the donor and acceptor
to within contact distance effectively eliminates diffusion as a limiting factor. Because of
their interlocked nature, these systems lend themselves to photophysical kinetics and
properties that resemble both intramolecular and intermolecular exciplexes. In this
report, we examine the consequences of the mechanical confinement of the DA pair in a
rotaxane and to better establish the structure-property relations of the rotaxane
exciplexes.
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Results and Discussion
We synthesized a series of rotaxanes (Chart 3.1) with four different donors and two
acceptors (Chart 3.2). Macrocycles 8 and 9 contain phenyleneethynylene-based units,
while macrocycles 10 and 11 bear conjugated aryl thiophene derivatives. These four
compounds made up the array of emissive donors of different electron donating ability.
The non-emissive acceptors are comprised of the bipyridine diester or bipyridine
di(methylene-ether) threading units (12 and 13, respectively). Previously, we reported
the syntheses of rotaxanes 2, 3 and 4 via Sonogashira-Hagihara cross coupling 4'15 We
applied the same methodology to prepare rotaxane 5, with 4-ethynylanisole as the starting
Scheme 3.1.
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(i) p-methoxyethynylbenzene, CuI, Pd(PPh3)4, PhCH3/i-Pr 2NH, 60 °C; KCN. (ii) R-
SnBu 3, CuI, Pd(PPh3) 2C 2, NMP, 100 °C; KCN.
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material. The reaction of diiodo rotaxane 1 with the respective organostannanes via Stille
cross coupling provided the thiophene-based rotaxanes (6 and 7) in respectable yields
(Scheme 3.1).
UV-Vis Absorption and Emission Studies.
Table 3.1 lists the fluorescence properties of the rotaxanes and the macrocycle donors.
The absorption spectra of all rotaxanes reflected the additive absorption profiles of their
respective donors and acceptors (Figure 3.2). The non-exciplex rotaxanes 4, 5 and 7
exhibited emission essentially identical to those from their respective LES macrocyclic
donors. Rotaxanes 2, 3 and 6, on the other hand, revealed broad and featureless emission
bands at lower energies. The exciplex emission band consists of a series of unresolved
peaks separated by the average vibrational energy, hvv and are subjected to Gaussian
broadening by the solvent reorganization energy, . In addition, the rotaxane exciplexes
showed lower quantum yields and the expected longer excited state lifetimes compared to
their respective parent macrocycle donor (LES) emission. In accordance with the energy
gap law, as the emission of the exciplex pushed to lower energies, vibrational and other
nonradiative electronic processes become the primary decay pathways and consequently
the quantum yield diminished. In thin films, the absence of solvent interactions
attenuates the stabilization of the highly polar complexes and restricted the rotational and
translational freedom of the DA pairs. The reduced ability to adopt the lowest energy
configuration results in a blue shift of about 50 nm in the exciplex emission compared to
the solution fluorescence. Beens and Weller have found that solvent reorganization and
relaxation have strong effects when the exciplexes possess dipole moments that
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Figure 3.2. Absorption and emission spectra of rotaxane 3 (solid line, ,c = 340 nm) and
a mixture of 9 and 12 (dashed line, kec = 400 m) in DCM.
correspond to nearly complete electron transfer.1 6 Our present solid-state studies are
corroborated by our previously reported solvatochromatic exciplex emission 15 that
confirm the dominant role of charge transfer interactions in the electronic structures of
the rotaxane exciplexes.'4
g5
Table 3.1.
Compound Emission max (nm) 5D (in DCM) (ns)
8 397 0.66a 1.5a, b
9 394 0.80 1.9"
10 397 0.23 1.9b
11 466 0.45 1.5"
2 526 Film: 476 0.02a 3.7 a
3 548 Film: 492 0.01a 3.9 a
4 401 0.74 1.6b
5 398 0.80 1.6b
6 DCM: 399d, 479 Film: 430 0.03 13.8c
7 468 0.39 1.5b
a Previously reported in ref. 10. b Obtained by phase-modulation method, 3kxc = 340
nm, referenced to a Ludox-water scattering sample. c Obtained using streak camera, Xexc
= 325 nm. Monoexponential decay time acquired at 550-600 nm. d Contains a small
amount of inseparable impurity, 10.
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Thermodynamic Considerations.
According to Figure 3.1, the energy of the exciplex emission is given by
hvlex = AEoo - AH - Ep
The repulsive term, tEp, pertains to the destabilized character of the ground state in
the exciplex geometry immediately after relaxation. Assuming constant BEep, the energy
of the exciplex emission increases with decreasing stabilization energy (He). This
stabilizing term represents the Coulombic attraction and solvation of the charge separated
DA pair. Previous studies on the phenyleneethynylene-based rotaxanes established the
significance of donor and acceptor matching. 5' 16 As expected, we observed no
interaction between the bipyridine dimethylene-ether threading unit with the
phenyleneethynylene donors in rotaxanes 4 and 5. In rotaxanes 10 and 11, we
incorporated the electron rich thiophene-based donors in an attempt to offset the inferior
electron affinity of the bipyridine dimethylene-ether acceptor. The two oxygen atoms at
the 3 and 4 positions of the thiophene ring significantly boost the electron donating
ability of macrocycle 10. Consequently, rotaxane 6 undergoes excited state charge
transfer that results in exciplex formation. Rotaxane 6 emitted at 493nm, which is
considerably higher energy than 2 and 3, whose emission was centered at 526 nm and
548 nm, respectively (Table 1). In addition, the exciplex emission of 6 showed the
lowest red shift (78 nm, 0.51 eV) in relation to the donor LES emission and it also had
the longest excited state lifetime (13.79 ns). As a reference, we observed a red shift of
150 nm (0.88 eV) and a lifetime of 3.9 ns in rotaxane 3 compared to donor 9. We
attribute the reduced stabilization observed in 6 to the weakened charge transfer
interactions between the DA pair. AMI geometry optimization revealed a twisted
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geometry in the fluorophore of donor 10 due to steric hindrance (Figure 3). This
departure from planarity undermines the orbital coupling of the DA pair and destabilizes
the resulting charge separated complex. In comparison to donor 10, the bithiophene-
derivatized macrocycle donor 11 possessed a slightly higher oxidation potential, a more
diffusive 7t orbital and a lower HOMO-LUMO gap of 2.5 eV.'7 Consequently, we
observed no exciplex emission in rotaxane 7.
Figure 3.3. AM1 Geometry Optimization of Donor 10 showing the twisted geometry.
The electroactive monomer is shown as red tubes.
The Effect of Mechanical Confinement of the DA Pair.
Although the rotaxane configuration physically confines the donor and acceptor to a
distance close enough for it-nt orbital overlap, the two components retain most of their
individual rotational and translational freedom. To investigate the effect of this
interlocked configuration on the donor and acceptor interactions, we compared the
photophysics of donor and acceptor mixtures (not interlocked) to the rotaxane exciplexes
and attempted to induce intermolecular exciplex formation by increasing the
concentration of the donor and acceptor. We observed no emissive exciplex in mixtures
of donor 8 and 12 at any accessible concentrations (1.7 to 170 PM). However, an
equimolar mixture of donor 9 and 12 showed a new emission at 433 nm at concentrations
of and above 100 mM(Figure 3.4). We attributed the exciplex formation to the increased
electron donating ability of the methoxy groups in donor 9, which supplemented the
electrostatic attraction of the exciplex. The exciplex formed under these conditions were
intermolecular in nature and therefore were diffusion-limited and concentration
dependent. Compared to its intramolecular counterpart, 3, the intermolecular exciplex of
9 and 12 emitted at significantly higher energies. These observations suggest that the
rotaxane configuration stabilizes the charge transfer complex. Moreover, the extremely
small DA distance (3.5 A) in the rotaxanes allows for a substantial electronic coupling
and a significantly reduced the activation energy barrier for exciplex formation. As
demonstrated by rotaxane 2, the stabilizing effect of the rotaxane architecture was strong
enough to compensate for the modest thermodynamic driving force for charge transfer
interactions between the DA pair.
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Figure 3.4. Fluorescence spectra of a 8/12 mixture from 1.7 gpM to 170 p.M (top) and a
9/12 mixture from 1 p.M to 300 pgM (bottom) at increments of 60 pgM in DCM, Axe = 340
nm.
Temperature Effects.
As stated earlier, the polar nature of the exciplex is the result of charge transfer
character. Upon photoexcitation, a cascade of dynamic processes initiate to stabilize the
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charge separated excited state. The donor and acceptor undergo internal reorganization
to adopt the most favorable conformation for exciplex formation, while the surrounding
solvent molecules also reorganize to stabilize the highly polar complex. In general,
lowering the temperature hampers these processes, such that as the rate of charge transfer
decreases, the exciplex emission vanishes while the LES emission increases in intensity.
In an intramolecular exciplex, however, the pre-organization and conformational
restriction of the DA pair complicate the charge transfer step and can lead to very
complex and interesting observations.' We examined and compared the exciplex
emission of rotaxanes 2, 3 and 6 in butyronitrile at 25C to 500C and in a frozen glass at
77K. Figure 3.5 illustrates the emission profile of rotaxane 3 at various temperatures.
These results are representative of the other rotaxane exciplexes. With increasing
temperature from 25C to 500C, the exciplex emission band shifts to shorter wavelengths
and decreases in intensity. Interestingly, we observed no LES emission at 77K. In a
frozen butyronitrile
. A7 X10U 
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Figure 3.5. Emission spectra of 3 at RT (solid), 40°C, (dash), 50°C (dot) and 77K (dash-
dot ) in butyronitrile, Xxc = 350 nm.
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matrix, the exciplex emission band is pushed to even higher energies and its intensity
increases by at least an order of magnitude. In a control experiment with the same
concentration and solvent, the fluorescence spectrum of the donor and acceptor mixture
in an intermolecular fashion revealed only the LES emission from the macrocycle donor.
Wang and coworkers observed a similar behavior in (N,N-dimethylanilino)-CH 2-9-
cyanoanthracene, in which a new, blue-shifted emission band is observed at 77K.9 By
examining the excitation spectra at different emission wavelengths, they attributed the
low temperature emission to a ground state CT interaction. Figure 3.6 illustrates the
excitation profiles of rotaxane 3 at RT and 77K. At low temperature, the excitation
spectrum revealed fine vibrational features but otherwise overlaps well with the RT
excitation. Although the shoulder around 385 nm grows to become a prominent band as
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Figure 3.6. Comparison of excitation
butyronitrile, kem = 480 nm.
spectra of 3 at RT (solid line) and 77K (dash) in
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Table 3.2. Emission maxima of exciplexes at various temperature in butyronitrile and in
solid state.
Compound Xem RT (nm) ,em 77K (nm) Xm solid state RT (nm)
2 526 474 476
3 548 495 492
6 479 422,446 430
the temperature dropped from RT to 77K, it is inconclusive if the low temperature
emission originates from a ground state CT conformer. Furthermore, in a frozen glass,
the exciplex emission resembled the solid-state emission in thin films (Table 3.2).
Freezing the surrounding media of the rotaxane exerts strong influence on the charge
transfer interactions of the DA pair and the lack of mobility is analogous to the solid-state
environment. In either case, the DA pair and the surrounding solvent molecules lack the
flexibility to reorganize and adopt a lowest energy conformation. The complete absence
of LES emission at low temperature further corroborates our hypothesis that pre-
organization of the DA pair in a rotaxane architecture dramatically lowered activation
energy barrier for charge transfer.21 In addition, the striking similarity between the low
temperature emission and the thin film emission suggests that the rotaxane exists as a
contact pair exciplex in solution state, in contrast to a solvent-separated complex.
Conformation Effects.
The distance and orientation of the DA pair play a critical role in the optical
properties of the exciplexes. General theoretical models suggest that the sandwich
conformation of the DA pair is optimal for exciplex formation.2 Because both the donor
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and acceptor in a rotaxane retain their rotational and translational freedom, one could
influence the exciplex optical properties by chemically perturbing their relative
conformation. Our group have previously reported that the occupation of the tetrahedral
pocket by zinc ions quenches the exciplex emission by disrupting the rc orbital overlap of
the donor and acceptor (Scheme 3.2).'5 To account for the absence of LES emission, we
proposed the tetrahedral zinc complex allows facile energy- or electron transfer
quenching.1 5 For rotaxanes 2 and 3, binding of alkali, alkali earth and first row transition
metal ions (Cu+ and Zn+) resulted in a linear diminution of the exciplex fluorescence
(Figure 3.7). Binding of rotaxane 6 to group 2 and first row transition metal ions resulted
in similar quenching behavior (Figure 3.8). When exposed to alkali metal ions (Li+ and
Na+), however, a new and further red shifted emission band (570 nm for Li+, 558 nm for
Na+) emerged with the concomitant attenuation of the exciplex emission band centered at
493 nm (Figure 3.8). The minor emission at 400 nm originates from the residual LES
emission from the trace inseparable macrocyclic impurity 10.21 UV-Vis titration
experiments of rotaxane 6 with Mg2+, Cu+, Cu2+ and Zn2+ revealed the disappearance of
the absorption band at 286 nm, which is ascribed to the phenanthroline absorption, while
Li+ or Na+ binding caused a slight attenuation and red-shift of the absorption band to 290
nm (Figure 3.8). The different absorption profiles suggest two distinct binding motifs.
The "hard" alkali metal ions favor chelation to the hard Lewis basic oxygen atoms on the
ethylene glycol linker and on the EDOT rings. On the other hand, the soft transition
metal ions exhibit less flexibility to depart from the tetrahedral coordination environment
94
Scheme 3.2. Quenching of exciplex via Conformational perturbation.
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Figure 3.7. UV-Vis absorption (left) and emission (right) titration experiment of 15.2 gM
3 with increments of 0.83 gM Zn(CI0 4)2 in CH2CI2, Xxc = 435 nm.
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Figure 3.8. Left: UV-Vis absorption (top) and emission (bottom) titration of 6 with
increments of 0.59 gpM Zn(CI0 4)2 in CH2Cl2. Right: UV-Vis absorption (top) and
emission (bottom) titration of 6 with increments of 0.46 pM Li(CIO 4) in CH2C12. Conc.
of 6 stock solution = 5.0 .M. Xexc = 350 nm..
and prefer binding to the nitrogen-containing aromatic groups, which are softer Lewis
bases and capable of having a 7r-orbital contributing to the bonding. We therefore
conclude that alkali metal ions chelate to the lower rim of the rotaxane, so as to interact
with the oxygen atoms of ethylene glycol linkers and the EDOT rings. Figure 3.9
illustrates the two sites for metal coordination. The broad and featureless emission
profile of the resulting complex suggests a new excited state species with charge transfer
character, although the conformation of the complex and the mechanism of the
interaction remain unclear.
Figure 3.9. Top: Tetrahedral binding of Zn2+ to rotaxane 6. Bottom: Stabilization of Li+
by the oxygen atoms in the lower rim of rotaxane 6.
Conclusions
We have shown that physical confinement of a donor and an acceptor in a rotaxane
architecture profoundly influences the optical properties of the resulting exciplex. By
introducing EDOT moieties into the donor, we have demonstrated that the improved
electron donating ability of the donor offsets the inferior electron affinity of the
bipyridine dimethylene-ether acceptor and leads to exciplex emission. In addition, the
preorganization of the rotaxane-bound DA pairs substantially lowers the activation
energy barrier for exciplex formation, as demonstrated by the intermolecular model
experiments and temperature dependence studies. Metal binding to the tetrahedral pocket
of the rotaxane freezes the relative DA conformation and quenches the exciplex
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fluorescence. Coordination of alkali metal ions (Li+ and Na+) to the EDOT-based
rotaxane results in the emergence of a weaker and further red shifted emission. From the
UV-Vis titration experiments, we conclude that the alkali metal ion occupies a different
binding site and produces a new emissive species. These results reveal the diversity of
supramolecular photophysics that opens new doors for the utilization of supramolecular
complexes in future molecular chemosensor and opto-electronic device development.
Experimental Section
Materials. Pd(PPh3 )4 and trans-PdC12(PPh3)2 were obtained from Strem. N-
methylpyrollidone (NMP), p-methoxyethynylbenzene and CuI were obtained from
Aldrich and used without further purification. Diisopropylamine and toluene were
obtained from Aldrich and were purified by distillation from sodium prior to use. The
synthesis of 2-(tributylstannyl)-3,4-ethylenedioxythiophene', 5-(tributylstannyl)-2,2'-
bithiophene 23 and compounds 1-4, 8 -111524 have been described elsewhere.
Equipment. All reactions and manipulations were carried out under an atmosphere
of inert argon or nitrogen using Schlenk techniques or in an inert-atmosphere glovebox
(Innovative Technologies) unless otherwise noted. Solution 500 MHz H NMR spectra
and 125.8 MHz '3C NMR spectra were recorded on a Varian Unity 500 spectrometer and
were referenced to CDC13 ( = 7.27 ppm and = 77.23 ppm, respectively) unless
otherwise noted. UV-Vis spectra were obtained in various solvents from a Cary 50 UV-
Visible Spectrophotometer using a 1 cm quartz cuvette. Mass spectra were obtained on a
Bruker Daltonics APEXII3 Tesla FT-ICR mass spectrometer using electrospray
ionization. Fluorescence studies were conducted with a SPEC Fluorolog-2 fluorimeter
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(model FL112, 450 W xenon lamp). All emission and excitation spectra were corrected
for the detector response and the lamp output. Quantum yields were referenced to quinine
sulfate in N sulfuric acid (F = 0.55)25. Polymer thin films on cover glass slides (18 x
18 mm) were spin cast on a EC1O1DT Photoresist Spinner (Headway Research, Inc.)
using a spin rate of 3000 rpm from chloroform solutions.
Excited State Lifetime Experiments. The time of fluorescence decay for highly
emissive compounds (QY > 0.1) was determined by a phase-modulation method26 using
frequencies from 10 to 200 MHz and using Ludox-water solutions (scattering sample, ' =
0 ns, right-angle geometry) as a standard. The experimental errors were typically 4-8%
in phase angle and 1-3% in modulation. For weakly emissive species (QY < 0.1), we
used a subpicosecond laser system to measure the lifetimes. The subpicosecond laser
system consists of a Coherent/BMI Oomet-400S two-stage optical parametric amplifier
(OPA). The OPA generates laser pulses at a repetition rate of 1 kHz and offers
wavelength tenability from 475 nm to 710 nm with pulse energies greater than 20 YJ.
The OPA is pumped by a Coherent/BMI Alpha-1000 chirped-pulse regenerative
amplifier, which, in turn, is pumped by a 10-W, 1-kHz Nd:YLF laser and seeded by a
Coherent Mira femtosecond Ti:sapphire oscillator. The oscillator is pumped by a 5-W
cw Coherent Verdi solid-state, frequency doubled Nd:YVO4 laser. Pulses from the
regenerative amplifier can be characterized in real time by a Positive Light single-shot
autocorrelator, and they were measured to be 100 fs in duration. Emission lifetimes were
measured on a Hamamatsu C4334 Streak Scope streak camera, which was controlled
with the high-performance digital temporal analyzer (HPDTA) software provided by
Hamamatsu Photonics. This system allows for measurements of lifetimes with a
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resolution of -10 ps in a time window up to 1 ms limited by the laser repetition rate. For
our systems, delays (<100 ns) were generated by a Hamamatsu C1097-04 delay unit. The
streak camera is capable of measuring the rise and decay of fluorescence at every
wavelength in a 100-nm window simultaneously, allowing for a direct comparison of the
kinetics of different spectral features. In this study, the samples were excited using the
650-nm output from the OPA, which was then frequency doubled to generate 325 nm
pulses, and emission was collected with the spectral window centered at the emission
maxima of the compound of interest.
Synthesis of Rotaxane 5. In a 25 mL Schlenk flask under Ar, rotaxane 1 (100 mg,
0.049 mmol), 27 mg (0.14 mmol) CuI, 2 mL toluene, and 1 mL of iPr2NH were
combined. The solution was purged with argon for 30 min., at which time 10 mg (0.009
mmol) Pd(PPh3)4 and 80 ptL (0.62 mmol) p-methoxyethynylbenzene were added. The
mixture was stirred at 60 C for 24 h then evaporated to dryness. The contents were
dissolved in100 mL CH2C12 and washed with 100 mL of H2 0 plus ca. 65 mg KCN. The
organic layer was washed with 2x100 mL H20 and brine then filtered. Following
chromatography on SiO2, eluting by-products / starting material with CH2C12, the product
was eluted with 1:9 ethylacetate: CH2C12. Recrystallization by slow diffusion of MeCN
layered onto a solution of the crude product in CH2C12 afforded 5 as light yellow crystals
(78 mg, 78%).
Data for 5. 13C NMR (125.8 MHz, CDCl 3) 5 = 160.25, 157.10, 156.89, 153.71,
148.91, 148.75, 146.74, 145.04, 140.56, 136.95, 133.51, 133.32, 132.37, 130.89, 129.50,
127.97, 126.10, 124.78, 121.21, 120.06, 117.68, 115.70, 115.39, 114.51, 114.13, 95.76,
70.24, 70.00, 68.09, 67.91, 63.58, 55.75, 34.69, 31.61 ppm. 'H NMR (499.8 MHz,
100
CDCI3) 6 = 8.34 (s, 2H), 8.02 (d, J = 9 Hz, 2H), 7.97 (d, J = 8.5 Hz, 2H), 7.84 (d, J = 9
Hz, 4H), 7.73 (d, J = 8.5 Hz, 2H), 7.529 (s, 2H), 7.50 (dd, J = 8 Hz, 2 Hz, 2H), 7.08 (d, J
= 9 Hz, 4H), 6.98 (d, J = 8.5 Hz, 6H), 6.88 (d, J = 8.5 Hz, 6H), 6.85 (s, 2H), 6.59 (d, J =
10 Hz, 4H), 6.55 (d, J = 6.5 Hz, 2H), 6.52 (d, J = 9 Hz, 2H), 5.10 (s, 2H), 4.62 (q, J =
11.5, 4H), 3.97 (m, 4H), 3.93 (m, 2H), 3.82 (m, 2H), 3.70 (m, 12H), 3.47 (s, 6H), 1.08 (s,
54H) ppm. HRMS m/z = 2064.39 ([M+H] +) (calc'd m/z = 2064.67).
Synthesis of Rotaxane 6. In a 25 mL Schlenk flask under Ar, rotaxane 1 (0.337 g,
0.164 mmol), CuI (0.096 g, 0.504 mmol) and 2-(tributylstannyl)-3,4-
ethylenedioxythiophene (0.300 g, 0.694 mmol) were combined. The mixture was
dissolved in 10 mL N-methylpyrollidone (NMP). The solution was purged with argon
for 15 min., at which time Pd(PPh3)C12 (6mg, 5 mol%) was added to the reaction mixture.
The reaction was stirred at 1000C for 18 hours, then solvent was removed in vacuo. The
residue was dissolved in 100 mL CH2Cl2. The organic layer was washed with 2x100 mL
0.1 M KCN solution, affording a light beige solution, followed by 100 mL H20, 100mL
KF solution and brine. The collected organic layer was dried over Na2SO4 and filtered.
The solution was concentrated and purified using column chromatography. One drop of
triethylamine was added in the solvent to prevent proton-assisted oxidation of the
product. Following chromatography on SiO2, eluting by-products / starting material with
CH2C 2, the thread 12 was eluted with 5:95 ethylacetate: CH2C12. After that, the product
was eluted with 1:9 ethylacetate: CH2C12. Recrystallization by slow diffusion of MeCN
layered onto a solution of the crude product in CH2C12 afforded 6 as light yellow crystals
(0.274 g, 80% yield).
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Data for 6. 13C NMR (125.8 MHz, CD2C12) 6 = 160.29, 156.89, 148.98, 148.77,
146.67, 145.07, 141.74, 140.45, 139.44, 136.97, 133.16, 132.95, 132.31, 130.89, 129.43,
127.96, 126.08, 124.78, 121.42, 121.07, 119.88, 115.43, 114.07, 113.31, 100.18, 70.22,
70.02, 69.61, 68.05, 67.76, 65.28, 64.61, 63.57, 34.70, 31.62 ppm. 'H NMR (500.3 MHz,
CDC 3) = 8.47 (s, 2H), 8.15 (d, J = 13.5 Hz, 2H), 8.13 (d, J = 14.5 Hz, 4H), 8.06 (d, J =
13.5 Hz, 2H), 7.91 (d, J = 14.0 Hz, 2H), 7.67 (s, 4H), 7.58 (d, J = 13.5 Hz, 2H), 7.18 (d, J
= 14.0 Hz, 4H), 7.03 (d, J = 14.0 Hz, 4H), 7.00 (d, J = 13.5 Hz, 2H), 6.80 (d, J = 15.0 Hz,
2H), 6.73 (d, J = 15.0 Hz, 2H), 6.21 (s, 2H), 4.77 (q, J = 19.5 Hz, 4H), 4.38-4.28 (m, 2H),
4.24-4.09 (m, 2H), 4.06-3.76 (m, 12H), 1.27 (s, 54H). HRMS m/z = 2084.39 ([M+H] +)
(calc'd m/z = 2084.79).
Data for 12. This compound is only marginally soluble enough in CDCl3 for 'H
NMR, but too insoluble for 13C NMR. 1H NMR (499.8 MHz, CDCl 3) 6 = 9.47 (d, J = 2.0
Hz, 2H), 8.70 (d, J = 8.0 Hz, 2H), 8.61 (dd, J = 8.0 Hz, 2.0 Hz, 2H), 7.26 (overlapped
with solvent peak, theoretically 12H), 7.24 (d, J = 8.5 Hz, 4H), 7.13 (d, J = 8.5 Hz, 12H),
7.08 (d, J = 8.5 Hz, 4H), 1.30 (s, 54H).
Synthesis of Rotaxane 7. Rotaxane 7 was prepared using a procedure and
purification analogous to that for 6. Based on 100 mg (0.049 mmol) of rotaxane 1 and
151 mg (0.33 mmol) of 5-(tributylstannyl)-2,2'-bithiophene, 92 mg (89%) of rotaxane 7
was obtained as a bright yellow solid.
Data for 7. 13C NMR (125.8 MHz, CD2Cl 2) 6 = 160.29, 148.73, 148.66, 146.69,
145.08, 132.25, 130.87, 129.45, 128.41, 126.65, 126.06, 124.79, 124.70, 124.02, 123.78,
120.96, 115.55, 114.01, 70.22, 68.09, 34.69, 31.62 ppm. 'H NMR (500 MHz, CD2Cl 2) 6
= 8.32 (s, 2H), 8.12 (d, J = 8.5 Hz, 2H), 8.00 (d, J = 8 Hz, 2H), 7.93 (d, J = 8.5 Hz, 4H),
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7.83 (d, J = 8.5 Hz, 2H), 7.63 (s), 7.46 (d, J = 6 Hz, 2H), 7.17 (d, J = 4 Hz, 2H), 7.10 (d, J
= 8.5 Hz, 12H), 7.03 (dd, J = 5 Hz, 0.5 Hz, 2H), 6.99 (d, J = 8.5 Hz, 12H), 6.96 (s, 2H),
6.91 (d, J = 8.5 Hz, 4H), 6.84 (dd, J = 5 Hz, 4 Hz, 2H), 6.79 (d, J = 4 Hz, 2H), 6.71 (d, J =
9 Hz, 4H), 6.51 (d, J = 9 Hz, 4H), 4.63 (d, J = 12 Hz, 2H), 4.53 (d, J = 12 Hz, 2H), 4.31
(m, 2H), 4.21 (m, 2H), 4.00 (m, 4H), 3.94 (m, 2H), 3.87 (m, 2H), 3.83 (m, 4H), 1.11 (s,
54H) ppm. HRMS m/z = 2132.29 ([M+H] +) (calc'd m/z = 2132.88).
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Chapter 4:
Insulated Conducting Polymers: Manipulating Charge
Transport Using Supramolecular Complexes
Introduction
Insulation of electroactive materials to create independent electrical conduction
pathways is an indispensable element in the design of modern electronics. Effective
insulation eliminates unwanted interference and can also protect conductive materials
from environmental degradation, hence it plays a critical role in the performance and
lifetime of a device. The concept of insulation becomes more strenuous as scientists and
engineers strive to create conjugated polymer (CP) wires and molecule-based electronic
devices whose functions are comparable to, if not surpass their inorganic counterpart. In
an ideal CP-based device, the electroactive element might comprise only a few polymer
strands. An effective insulating layer must sequester the individual addressable
components without compromising the minuscule dimensions of the device. Figure 4.1
illustrates examples of encapsulated CPs via various media. On the macroscopic level,
encapsulation of CPs can be achieved using host-guest materials such as mesoporous
silica. In these polymer/silicate composites, prepared via template synthesis, the polymer
chains occupy the microporous channels in the zeolite. 234 By controlling the pore
diameter and the alignment of the channels, scientists can dictate the degree of interchain
electronic interactions between polymer strands. In systems where the pore size is
comparable to the polymer diameter, Wang and coworkers observed unexpected
photophysical properties that suggest a molecular orbital confinement phenomenon.4 The
key advantage of this approach is the ability to effectively isolate the polymer wire with
the silicate layer and pattern the charge conduction pathways by aligning the channels.
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Figure 4.1. Examples of insulated conjugated polymers. (left) Template synthesis of
CPs in zeolite (Ref. 2). (top right) Dentritic encapsulation. (Ref. 5) (bottom right)
Inclusion complex of fluorescent polymers. (Ref. 6)
Encapsulation of CPs can also occur on the molecular level, namely, by attaching the
insulating groups directly onto the repeat units of the polymer. While the mesoporous
silicate approach above often leads to the isolation of bundles of CPs as "nanofibrils",
encapsulation on a molecular level allows insulation of individual polymer chains. A
wide range of insulating groups has been studied in the literature. Schenning and
coworkers demonstrated the encapsulation of end-capped poly(triacetylene) (PTA) and
poly(pentaacetylene) (PPA) oligomers with laterally appended Frechet-type dendrons.
These dentritic rods display the same electronic characteristics of their unfunctionalized
counterparts with improved stability.5 Alternatively, encapsulation can be achieved via
the formation of inclusion complexes in the form of polyrotaxanes. In this approach, the
conjugated polymer is threaded inside cyclophanes or macrocycles, such as cyclodextrin
molecules. Cacialli et al. have demonstrated that by PPPs and PPVs threaded through
8OR
cyclodextrin rings exhibit improved stability and reduced intermolecular interactions and
solid-state packing effects that often lead to fluorescence quenching. Consequently,
PLEDs fabricated from these shielded polymers display longer device lifetime and higher
luminance than those made from the unthreaded polymers.6 Suppression of interchain
interactions in insulated CPs has significant impact on the charge transport properties of
the polymers. These changes can be reflected in both the photophysical and
electrochemical properties of the polymers. As mentioned above, isolating fluorescent
polymers prevents polymer aggregation, which can lead to red-shifted emission and
fluorescence quenching via nonradiative energy transfer. In conducting polymers,
encapsulation alters the conduction percolation pathways through which charges migrate.
The bulk conductivity of a CP is related to the charge transport properties, which, in
turns, depends on a myriad of factors. Among these factors, the morphology of the
polymer plays a pivotal role. Traditional unfunctionalized CPs, such as polythiophene or
polyacetylene, adopt an inhomogeneous "spaghetti" morphology, in which regions of
crystallinity and disorder coexist.7 In these crystalline mesostructures, efficient packing
of the rigid rod polymer chains allows orbital overlap between polymer chains, hence the
electronic states within these regions are highly delocalized. These regions often exhibit
high local conductivity, since charge carriers can migrate via a metallic band transport
mechanism.8 Separating these metallic islands are regions of random coils. In these
disordered regions, the electronic states of individual polymers (or bundles) become
localized. As a result, interchain charge transport in these regions occurs predominantly
via a hopping mechanism at interchain junctions.9 Occasionally, charges can also hop
across grain boundary between metallic islands.9 The bulk conductivity depends on the
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charge percolation pathways created by these different morphologies within the sample.
In another word, a polymer that comprises mostly crystalline mesostructures should
display a higher conductivity than a less ordered sample. It should be noted, however,
that, many other factors, aside from morphology, affect the charge transport properties of
conducting polymers. Let us now consider the morphology of insulated CP wires.
Attaching insulating groups to the repeat units of the polymer causes the polymer chains
to adopt a shape-persistent rigid rod morphology.1 0 As we have observed with the
rotaxanated PPEs in Chapter 2, encapsulation of CPs impedes interchain interactions
(polymer aggregation) and solid-state packing. In a conducting polymer, suppression of
interchain interactions and polymer packing can severely reduce the number of charge
percolation pathways, as illustrated in Figure 4.2. As a result, insulated conducting
polymers should exhibit significant lower bulk conductivity compared to its
unfunctionalized counterparts.
Figure 4.2. (left) The coexistence of metallic islands (highlighted) and random coils in a
CP sample. The rings represent interchain junctions where charge hopping occurs.
(right) The morphology changes in an insulated CP.
In our continual effort to develop CP-based sensors and devices, we have become
interested in the idea of the directed charge conduction provided by the insulated
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molecular wire approach. Using the methodology developed by Sauvage to develop
supramolecular complexes with a phenanthroline core, our group has designed
conducting polyrotaxanes with varying degrees of encapsulation.'2 This work is an
extension of our endeavor to create a truly insulated molecular wire by incorporating
bulky rotaxanes to the polymer backbone. The salient feature of theses supramolecular
elements is their ability to immobilize metal ions in the polymer periphery, such that the
metal ions can participate in the conduction. Metal-mediated macroscopic conduction in
these organic-metal hybrid systems provides a platform for the development of
ultrasensitive chemosensors.
Results and Discussion
Synthesis of the Rotaxane Monomer and Polymers
The synthesis of the rotaxane monomer 1 has been described previously. The
monomer features a 1,4-bis[2-(3,4-ethylenedioxy)thienyl]-2,5-dialkoxybenzene moiety
that undergoes facile oxidative polymerization in the presence of mild oxidants such as
copper (II) triflate, as depicted in Scheme 4.1. Reductive quenching of the reaction with
hydrazujine monohydrate, followed by cyanide treatment afforded the highly soluble,
metal-free rotaxanated polymer Poly(1). Attempts to determine Mw of Poly(1) using
GPC failed as the polymer was trapped in the guard column, the same problem we
encountered with the previously reported rotaxanated PPEs.'3 Using a modified HPLC
method, as described in the supporting information section, the average molecular weight
of Poly(1) was determined to be ca. 22100, which corresponds to an estimated DPI of 10.
Simple stirring of a solution of Poly(1) with one equivalence of Cu(CH3CN)PF6 or
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Zn(CI04)2 (relative to the repeat unit) afforded the metal-bound polymers Poly(1, Cu) and
Poly(1, Zn), respectively. To elucidate the influence of encapsulation by the rotaxane
groups on the electronics and the bulk charge transport of the CP backbone, we prepared
the model polymer without the rotaxane groups, Poly(2) in accord with literature
procedures (Scheme 4.2).14 Poly(2) features the unadorned 1,4-bis[2-(3,4-
ethylenedioxy)thienyl]-2,5-dimethoxybenzene repeat unit. The solubilizing effect of the
rotaxane groups is apparent as Poly(2) displays negligible solubility in most organic
solvents.
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Scheme 4.1. Chemical Polymerization of the Rotaxane Polymer.a
1
jiii
poly(1 )
I CuPF6 or Zn(CI04)2
Poly(1, Cu) M = Cu+ , nX= PF6-
Poly(1, Zn) M = Zn2+, nX = 2C104-
a (i) 2.7 eqiv. Cu(OTf) 2, CH3CN. (ii) KCN, CH3CN/H 20.
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Scheme 4.2. Electropolymerization of Monomer 2 to Model Polymer Poly(2).
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Optical Studies
Figure 4.3 illustrates the solution absorption and emission spectra of monomer 1 and
Poly(1). Upon polymerization, the increased delocalization of the electroactive backbone
lowers the bandgap of the system, as reflected in the redshift in the absorption and
emission bands of Poly(1) compared to its parent monomer 1. Although the broad and
featureless absorption profile of Poly(1) is in agreement with that of Poly(2) previously
reported by Reynolds, Poly(1) exhibits a higher absorption onset at 2.10 eV than the
reported value of 1.75 eV for Poly(2).'7 Two factors might contribute to the higher
bandgap observed in the rotaxanated polymer. Firstly, because of its planar repeat unit,
the shape of Poly(2) resembles a ribbon. This allows interactions between the ir electron
clouds of adjacent polymer chains, which delocalizes the orbitals and lowers the energy.
Poly(1), on the other hand, lacks the planar geometry required for lateral band
delocalization. As a result, Poly(1) displays a higher bandgap than the model polymer.
Alternatively, the larger bandgap in Poly(1) could indicate that the incorporation of
rotaxane groups perturbs the electronics of individual polymer chains. It is well know
that bulky side groups can introduce steric strain between repeat units along the polymer
backbone, thereby twisting the backbone out of local planarity. As the 7C orbital
delocalization between repeat units is decreased, the bandgap is shifted to higher
energies.
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Figure 4.3. Absorption and emission spectra of 1 (dashed line, Xkc = 325 nm) and
Poly(1) (solid line, Xxc = 465 nm) in CH 2C1 2.
The metal-free Poly(1) emits at 550 nm, with weak but noticeable vibronic features.
In a dichloromethane solution, Poly(1) displays a relative quantum yield of 0.19 and an
excited state lifetime of 0.69 ns. Measures to exclude oxygen and trace amount of acids
from the solution sample were necessary to prevent depletion of the polymer's
fluorescence. In Chapter 3, we have shown that the rotaxane monomer 1 forms a 1:1
complex with transition metal ions, and the resulting complex quenches exciplex
emission via an electron or energy transfer mechanism. In the molecular wire approach,
linking the rotaxane units together in a conjugated polymer is analogous to wiring the
receptors in series. The conjugated backbone allows electronic communication between
the repeat units, such that a local perturbation in a receptor can affect the global transport
properties of the polymer.' 5 As the tetrahedral metal complex quenches the mobile
exciton at a rate faster than the radiative recombination, it results in an amplification in
the quenching response, as illustrated in Figure 4.4, The quenching response for Cu+ and
Zn2+ deviates from linearity. Furthermore, quenching of more than 99% was observed
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with the addition of 0.3 equivalents of Cu+ or 0.1 equivalents of Zn2+relative to the repeat
units. Binding of alkali metal ions elicits a 'different emission response, as illustrated in
Figure 4.4. With initial addition of Na+, the polymer fluorescence diminishes. However,
when 0.5 equivalents or more of Na+ is added, the polymer emission returns with
concomitant red shift and eventually reaches a plateau at about 70% of the original
intensity. In Chapter 3, we have demonstrated that alkali metal ions bind to the lower rim
of the rotaxane monomer 1. As the metal ion is stabilized by the oxygen atoms in the
threading unit and the EDOT groups, the resulting complex displays a new emissive
exciplex. Consequently, we attribute the interesting observations in the polymeric system
to the complexation of group 1 metal ions in the lower pocket of the rotaxane groups.
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Figure 4.4. Fluorescence quenching of Poly(1l) with Cu(CH 3CN)4PF6 (left), Zn(C10 4) 2
(middle) and NaC104 (right) in DCM and minimal amount of CH3CN, kxc = 465 nm.
Inset: Stern-volmer plots showing fluorescence change at 565 nm as a function of the
metal ion added with respect to the rotaxane repeat units.
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Electrochemical Studies.
Figure 4.5. (top) Computer modeling of Cu'-bound monomer 1 using a PM3 level
geometry optimization. (bottom) Computer modeling of an 8-mer using the
computationally optimized conformer above as a fixed building block.
We constructed a model of the Cu' monomer 1 using a PM3 level geometry
optimization, as depicted in Figure 4.5. Using the computationally optimized conformer
as a fixed building block, we then conducted molecular mechanics calculations on an
octamer, also shown in Figure 4.5. Simple inspection of the admittedly simplified
polymer model reveals a core and shield structure with the conducting backbone
enshrouded by the bulky rotaxane groups. Such a structure has profound implications on
the transport properties of the polymer. The phenanthroline portions of the macrocycle
and the threading unit provide a rigid insulating shield that limits the rate of interchain
charge hopping and impedes conduction. Compared to the ribbon-like planarity of
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Poly(2), the core and shield structure of Poly(l) leads to an augmented diameter and
more complex packing. As the density of the electroactive elements, i.e. the CP
backbone, decreases, the possible charge transport pathways present per volume unit in
the rotaxanated polymer is also diluted. We therefore anticipate significantly lower
conductivity in Poly(1) relative to its unadorned parent Poly(2).
Poor solubility and processibility often present major hurdles in the utilization of
simple unfunctionalized CPs in devices. Organic chemists have generally ameliorated
the problems by adding flexible or ionic side chains to the polymer backbone. Ironically,
we encountered numerous challenges in the handling and investigation of Poly(l)
because of its remarkable solubility. Repeated attempts to synthesize Poly(l) via
electrochemical deposition using different solvents and reduced temperatures failed
because the polymer formed at the electrode surface readily diffused into the electrolyte
solution. As a result, we performed all electrochemical experiments from spin-cast films
of the chemically synthesized polymer on ITO electrodes. Even so, in conventional
organic electrolyte systems, the high solubility attributed to electroactivity loss in the
reduction sweeps of the polymer CV, since the oxidized species readily dissolve from the
electrode surface. However, we eventually discovered that using 0.1 M
tetrabutylammonium perchlorate in a 1:1 mixture of acetonitrile and water afforded the
most stable and reproducible CVs. As revealed in Figure 4.6, Poly(l) displays a pseudo-
reversible redox wave at 0.4 V vs. SCE with linear correlation between the peak current
and scan rate, indicative of surface-confined redox activity. To elucidate the effect of the
rotaxane groups on the electrochemical behavior of the polymer, we prepared Poly(2) via
electrochemical deposition on ITO electrode and investigated its electrochemical
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properties. As demonstrated in Figure 4.7, Poly(2) remains electroactive between -0.5
and 0.5 V vs. SCE. Reynolds and coworkers have documented the remarkably broad
redox activity of Poly(2) and attributed it to the low bandgap and delocalized electronic
states.14 Encapsulating the polymer backbone with bulky rotaxane groups impedes the ir-
7c interactions between polymer chains. Consequently, the localization of the electronic
states of the polymer chains results in the narrowing of the electroactivity window.
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Figure 4.6. CV of Poly(1) thin film on an ITO electrode in 0.1 TBAC10 4 in 1:1
CH3CN/H 2 0 at 100 mV/s. (Inset) Current at Epa as a function of scan rate.
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Figure 4.7. Top: Film growth of Poly(2) on ITO electrode in 0.1M TBAPF6 in DCM at
100 mV/s. Shown here are scans 1, 5, 10, 15 and 20. Bottom: Scan rate dependence of
the Poly(2) thin film at 25, 50, 100 and 200 mV/s on ITO electrode in 0.1M TBACIO4 in
1:1 CH3CN/H2 0.
The enhancement of electroactivity of the conjugated backbone of Poly(1) by the
isopotential copper ions has been investigated previously.2 ' 6 The tetrahedral binding
pocket of the rotaxane unit displays a high affinity to copper ions and places the ions in
an optimal situation to interact with the polymer backbone. At first glance, the CV of
Poly(1, Cu) exhibits no discernible difference from that of the metal-free Poly(1), even
though XPS of the polymer film confirms the presence of copper ions (Figure 4.8). As
revealed in Figure 4.9, simple dipping of'a Poly(1) film in a CuPF6/CH3CN solution
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increases the current density in both oxidation and reduction sweeps by 30%, while the
general shape of the CV is retained. 17 Treatment of the Poly(1) with aqueous Cu(SO4)2
yields similar response. These observations confirm the excellent overlap between the
copper-centered and polymer electrochemistry.
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Figure 4.8. XPS of Poly(1,
presence of copper ions.
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Figure 4.9. CV of Poly(1) film on ITO electrode before (solid line) and after (dashed
line) quickly dipping in a 0.1 M Cu(CH3CN)4PF6 solution in CH3CN. Conditions: 0.1 M
TBACIO 4 in 1:1 CH3CN/H 20O at a scan rate of 100 mV/s.
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We We performed in-situ UV-vis spectroscopy of the polymers as a function of
applied electrochemical potential using ITO as a working electrode. To ensure that the
polymer had come to equilibrium at each potential, we held the polymer film at each
potential for 30 seconds before taking the measurements. In its pristine state, the metal-
free Poly(1) shows an absorption with ,x at 487 nm (Figure 4.10). Dipping the metal-
free polymer film in the LiClO4 supporting electrolyte gradually shifts the absorption
maximum to 513 nm with a weak shoulder at 711 nm (Figure 4.10). Previously, our
group has reported that protonation of a structurally related conducting polyrotaxane
shifts the polymer absorption to lower energies, and that holding the polymer film at
reducing potentials can achieve deprotonation.18 For Poly(1), however, holding the
potential at -0.40 V for 20 min. induced no change in the UV-vis spectra of the polymer
film, indicating that lithium binding, not protonation, is responsible for the emergence of
the new absorption features. We shall call this partially-chelated polymer Poly(1, Li) for
a more accurate description. On the other hand, Poly(1, Cu) displays two absorption
features with . at 487 and 749 nm, which correspond to the polymer absorption and
the charge transfer band, respectively. The red shift in the polymer absorption of Poly(1,
Li) suggests the Lewis acidic Li+ perturbs the electronic states of the polymer backbone
via geometry change and/or electrostatic interactions. This observation supports our
earlier assertion that alkali metal ions prefer binding to the lower rim of the rotaxane unit,
where the oxygen atoms stabilize the cations.27 On the other hand, because Cu+ chelates
to the phenanthroline portion of the macrocycle, the absorption band assigned to the
conjugated polymer backbone remains unchanged. With increasing doping levels, the
intensity of the interband absorption bands decreases and a low-energy absorption band at
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751 nm emerges for both Poly(1, Li) and Poly(1, Cu). In the heavily doped state (2 0.6 V
vs. Ag/AgCI), the absorption band at 751 nm is depleted and the spectra show increasing
intensity at long wavelengths that extend into the near-IR. This feature is characteristic
of free carriers in the metallic state and is referred to as a free carrier tail."9 In addition,
the metal-ligand charge transfer band in Poly(1, Cu) remains throughout the majority of
the sweep cycle, showing only minor depletion at the highly doped state.
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Figure 4.10. Spectroelectrochemistry of Poly(l, Li) (left) and Poly(1, Cu) (right) on ITO
electrodes in 0.1M LiCIO 4 in 1:1 CH3CN/H 20. Measurements were made after holding
the electrode at the given potential for 30 sec. to ensure equilibrium. Potential was
measured against Ag/AgC1 reference electrode.
Comparisons of the conductivity of iodine-doped Poly(1) and Poly(2) pressed pellets
support our assertion that the rotaxane groups provide insulation around the polymer
chains. To ensure homogeneous and complete doping, we exposed the pressed pellets in
a chamber of I, under reduced pressure at an elevated temperature for at least 2 hours. As
shown in Table 4.1, Poly(1) displays a bulk conductivity that is three orders of magnitude
lower than that of Poly(2). The experimental data demonstrate that encapsulation of the
polymer backbone by rotaxane units impedes the formation of highly delocalized
mesostructures and suppresses interwire charge hopping. Random copolymerization of 1
123
and 2 in the presence of a Cu2+ oxidant afforded Poly(1, 2) (Scheme 4.3). As expected,
varying the concentration of the rotaxane groups along the polymer alters the degree of
insulation. Decreasing the concentration of the rotaxane units creates "holes" in the
insulation layer, such that interchain charge hopping can occur at these sites. Because the
number of charge percolation pathways increases, Poly(1, 2) displays a moderate increase
in the conductivity compared to Poly(1). For systems with immobilized Zn2+, a redox
inactive ion, the polymer chains behave as insulated wires and we observed only minor
changes in the conductivity. For Poly(1, Cu), however, the overlapping electroactivity
between the metal centers and the conjugated polymer creates an optimal situation for the
Copper ions to participate in the conduction. Compared to the metal-free polymer,
Poly(1, Cu) shows a 90 times increase in the conductivity.
Scheme 4.3. Random copolymerization of 1 and 2 to yield Poly(1, 2).
1 + 2 i, ii
(i) 2.7 eqiv. CuOTf2 in CH3CN. (ii) KCN, CH 3CN/H 2 0
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Table 4.1. Conductivity Comparison of Various Rotaxanated Polymers and the Model
Polymer.a
a (S/cm) STDEV
Poly(1) 0.00107 0.00003
Poly(2) 4.52 1.03
Poly(1, Cu) 0.0902 0.0133
Poly(1, Zn) 0.00393 0.00081
Poly(1, 2) 0.00777 0.00086
aMeasurements were taken with pressed pellets of the polymers doped with iodine vapor
Conclusions
We have described the chemical synthesis, UV-vis spectroscopy, fluorescence
spectroscopy, electrochemistry, and conducting properties of conducting polymers
bearing solubilizing rotaxane groups. Physical studies (UV-Vis, electrochemistry) of
Poly(1) suggest that the bulky rotaxane groups encapsulate the conjugated polymer
chains, resulting in a higher bandgap and more localized electrochemistry compared to
the unfunctionalized Poly(2). Chelation of transition metal ions to the phenanthroline-
bipyridine core creates exciton traps along the polymer backbone and results in amplified
fluorescence quenching. Alkali metal ions, however, bind to a different cavity of the
rotaxane and generate different fluorescence response. Electrochemical data suggest that
the bulky rotaxane groups insulate the CP wires and dramatically hinder bulk charge
transport. As a result, Poly(1) exhibits. a three orders of magnitude decrease in
conductivity relative to Poly(2). Binding of redox inactive metal ions such as Zn2+
produces no significant change in conductivity. However, in the case of copper ions, we
observed excellent overlap in the copper centers and the polymer's electrochemistry. The
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immobilization of copper ions in the polymer periphery provides interconnects for charge
hopping and consequently produces a nearly 102-fold increase in the polymer's
conductivity.
This study explores the feasibility of encapsulating conjugated polymers by attaching
pendant supramolecular groups. As discussed in the beginning, the continual effort to
create CP- and molecule-based devices requires effective insulation of their conducting
elements. The bulky rotaxane groups wrap around the center polymer wire and severely
hinder interchain charge hopping. In addition, immobilization of isopotential transition
metal ions in the rotaxane repeat units can modulate the charge transport of the polymer
and increase the bulk conductivity. While these results demonstrate the versatility of our
approach to insulated molecular wires, further fundamental studies are required before
practical applications can emerge.
Experimental Section
Materials. Air- and moisture-sensitive reactions and measurements were carried out
in flame-dried glassware or sealed chambers using standard Schlenk-line or drybox
techniques under an inert atmosphere of dry argon. Pd(PPh3)4 and trans-PdCl2 (PPh3)2
were obtained from Strem. Tetrabutylammonium perchlorate and tetrabutylammonium
hexalfluorophosphate were recrystallized from methanol and subsequently dried
overnight under vacuum prior to use. Cu(OTf) 2, Cu(CH 3CN)4PF6, LiCIO4 , Zn(C104) 2
were obtained from Aldrich and used without further purification unless otherwise noted.
Acetonitrile was obtained in Aldrich sure-seal bottles and stored over molecular sieves in
an inert atmosphere of dry argon prior to use. Dichloromethane was obtained from J. T.
Baker and purified through GlassContour solvent purification system. Water used in
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electrochemistry experiments was purified from a Barnstead Nanopure system (18 MD).
The synthesis of monomer 1 was described in a separate publication.'2 Monomer 2 was
synthesized following procedures reported in the literature.8
Equipment. All reactions and manipulations were carried out under an atmosphere of
inert argon or nitrogen using Schlenk techniques or in an inert-atmosphere glovebox
(Innovative Technologies) unless otherwise noted. Solution 500 Mhz '11H NMR spectra
were recorded on a Varian Unity 500 spectrometer and were referenced to CD2C12 ( =
5.32 ppm) unless otherwise noted. UV-Vis spectra were obtained in various solvents
from a Cary 50 UV-Visible Spectrophotometer using a 1 cm quartz cuvette. Mass
spectra were obtained on a Bruker Daltonics APEXII3 Tesla FT-ICR mass spectrometer
using electrospray ionization. Fluorescence studies were conducted with a SPEC
Fluorolog-2 fluorimeter (model FL112, 450 W xenon lamp). All emission and excitation
spectra were corrected for the detector response and the lamp output. Quantum yields
were referenced to Rhodamine 6G in ethanol (F = 0.95). 21 Polymer thin films on ITO
electrodes were spin cast on a EC1O1DT Photoresist Spinner (Headway Research, Inc.)
using a spin rate of 2000 rpm from trichloroethane solutions. The time of fluorescence
decay for the polymer was determined by a phase-modulation method22 using frequencies
from 10 to 200 Mhz and using Ludox-water solutions (scattering sample, t = 0 ns, right-
angle geometry) as a standard. The experimental errors were typically 4-8% in phase
angle and 1-3% in modulation. Electrochemical measurements were performed using a
computer-controlled Autolab Model PGSTAT 20 potentialstat from Eco Chemie. The
ITO electrodes (Sheet resistance, Rs, 70 - 100 ohms) were purchased from Delta
Technologies. Conductivity was measured by four-point probe techniques. XPS
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measurements were performed on a Kratos AXIS Ultra Imaging X-ray Photoelectron
Spectrometer. To determine the molecular weight of the polymers, we modified the
HPLC settings to mimic the capabilities of a GPC instrument. The guard column of the
HPLC was removed as it trapped the rotaxanated polymer. The polymer sample was
eluted with THF with 0.5% triethylamine to suppress protonation. A calibration was
performed using PEO standards, and the polymer's elugram was compared to the
calibration curve to determine the molecular weight.
Synthesis of Poly(1). In a 10 mL flask, rotaxane 1 (50.1 mg, 0.240 mmol) was
suspended in 2 mL acetonitrile. In a separate vessel, Cu(OTf)2(24.0 mg, 0.664 mmol)
was dissolved in 1 mL acetonitrile. The light blue Cu solution was added dropwise to the
monomer suspension. The reaction mixture turned blue initially and the monomer went
into solution. The mixture was stirred at room temperature for 24 h. The reaction was
quenched by adding one drop of hydrazine monohydrate. The purple solution was
evaporated to dryness. The contents were dissolved in 100 mL CH2Cl2 and washed with
100 mL 0.01 M aqueous KCN solution. The organic layer was washed with 2x100 mL
H2O and brine then filtered. The polymer obtained was dissolved in minimal amount of
CHCI3 and filtered through a short celite pad into a flask of vigorously stirring methanol.
After stirring for 30 minutes, the suspension was centrifuged to obtain Poly(1) as a red
solid (43.2 mg).
Data for Poly(1). H NMR (500 MHz, CD2CI2) 6 = 8.47, 8.16, 8.04, 7.94, 7.87, 7.70,
7.55, 7.26, 7.16, 7.08, 6.75, 6.67, 4.75, 4.32, 4.16, 3.94, 3.84, 1.21 ppm (all broad peaks).
Synthesis of Poly(1, Cu). To a 1 mL CH2C12 solution of 0.01 mM Poly(1) was added
1 mL 0.01 mM Cu(CH3CN)PF6 in acetonitrile. The solution was stirred at room
temperature for two hours then evaporated to dryness. The contents were dissolved in 5
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mL CH2CI2 and filtered through a pad of celite. Evaporation of the filtrate afforded
Poly(1, Cu) as a deep red solid (19.2 mg).
Data for Poly(1, Cu). 'H NMR (500 MHz, CD2C12) = 8.55, 8.41, 7.96, 7.88,
7.75,7.59, 7.17, 7.11, 6.69, 6.12, 6.60, 4.67, 4.43, 4.14, 4.06, 3.88, 3.80, 3.64, 1.21 ppm
(all broad peaks).
Synthesis of Poly(1, Zn). The synthesis of Poly(1, Zn) is analogous to that of
Poly(1, Cu). Based on 1 mL of the 0.01' mM Poly(1) solution and 1 mL 0.01 mM
Zn(C104 )2 acetonitrile solution, 18.8 mg of Poly(1, Zn) was obtained as a red solid.
Data for Poly(1, Zn). 1H NMR (500 MHz, CD2C12) 6 = 8.64, 8.10, 8.04, 7.95, 7.76,
7.48, 7.20, 7.16, 6.74, 6.70, 6.10, 4.83, 4.75, 4.39, 4.12, 3.84, 3.73, 1.23 ppm (all broad
peaks).
Synthesis of Poly(1, 2). The synthesis of Poly(1, 2) is analogous to that of Poly(1).
Based on 10.1 mg 1 (0.0048 mmol) and 2.0 mg 2 (0.0048 mmol) and 9.5 mg Cu(OTf)2
(0.026 mmol), we obtained 10.7 mg of Poly(1, 2) as a deep red solid.
Data for Poly(1, 2). 1H NMR (500 MHz, CD2CI2) 6 = 8.47, 8.16, 3.03, 7.87, 7.70,
7.55, 7.27, 7.26. 7.08, 6.75, 6.66, 4.75, 4.33, 4.17, 3.94, 3.84, 1.21 ppm (all broad peaks).
Preparation of Pressed Pellets for Conductivity Measurements. For Poly(1),
Poly(1, Cu), Poly(1, Zn) and Poly(1, 2), we used the chemically synthesized polymer.
We grew Poly(2) onto stainless steel plate electrode from a 0.1 mM solution of 2 in 0.1
M TBAPF6 in DCM at a deposition current of 1 mA for 20 min. The polymer was
scraped off the electrode and rinsed with copious amount of DCM. The black powder
was dried under vacuum at 1000 C overnight..
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We used a hydraulic press to prepare pellets with thickness of 100-200 /m for four-
point probe conductivity measurements. The freshly prepared pellets were dried under
vacuum overnight. To dope the pellets, we placed the pellets in a chamber containing
iodine. A weak vacuum was pulled and the chamber was placed in an oven of 100°C for
at least 2 hours. The doped polymer pellets were used immediately to avoid undoping.
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Chapter 5:
A Modified Cross-linked Conducting Polymetallorotaxane
Network and its Applications towards Anion Detection
Introduction
In our effort to develop truly molecule- and CP- based devices and sensors, our group
has focused on novel supramolecular architectures that exhibit interesting
electrochemical and/or photophysical properties. In particular, the phenanthroline-based
rotaxane scaffold presents the idle fixe of this dissertation. Swager and others have
shown that conjugated polymers threaded with rotaxane (or pseudorotaxane) structures
are extremely useful in the design of conducting organic-metal hybrid assemblies. In
these systems, the metal ions immobilized in the rotaxane repeat units often play multiple
roles. Sauvage, et al. have demonstrated that immobilized metal ions provide the
essential mechanical support in their conducting polymetallorotaxane systems, as
demetallation leads to irreversible collapse'in the polymer structure (Figure 5.1).1' 2 In
addition, direct coordination of metal ions can facilitate electronic interactions between
* =CU+
-0"= -t's~
Figure 5.4. Schematic representation of some conducting polymetallorotaxanes reported
by Sauvage et al. (References 1 and 2).
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the peripheral metal centers and the polymer backbone, thereby affecting the polymer's
electrochemical behavior.3'4'5 In systems where the redox potential of the metal ions
matches that of the polymer backbone, enhancement in conduction has been reported.6'7
The immense diversity and complexity in .these systems, both in their structures and
properties, make them promising candidates for molecular electronics and sensors.8 '9'0,"
This chapter describes the design and synthesis of a conducting polymetallorotaxane
network and its application in anion detection. This work is an extension of a three-
strand conducting polyrotaxane system previously reported by our group.7 Figure 5.2
illustrates the structure and the computer-generated model of the first generation three-
strand insulated molecular wire, wherein a highly conducting polymer is sandwiched
Figure 5.5. (Top) Structure of the first-generation three-strand conducting
polymetallorotaxane repeat unit. (Bottom) computer-generated model of an octomer.
(ref. 7)
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Between two conducting polymer strands of higher redox potential via a polyrotaxane
structure.7 The phenanthroline portions in the macrocycle and the 2,2-bipyridyl portions
of the threading polymer function as chelating components for tetrahedral metal ions. A
salient feature of the system is its three-strand architecture synthesized via a two-step
orthogonal electropolymerization technique: The different redox potentials between the
two polymers provide a means to selectively oxidize the low oxidation potential center
wire while maintaining the pristine state of the outer two polymer strands, such that only
the center wire participates in charge transport. In systems where redox inactive metal
ions, such as Zn2+, are bound to the rotaxane repeat units, the center wire behaves as a
partially insulated wire, encapsulated by the two outer semiconducting polymers. Our
group has reported that in the potential window where the center wire is selectively
doped, the insulation provided by the outer wires causes a >95% decrease in the
polymer's bulk conductivity compared to the parent macrocyclic polymer, Poly(1)
(Figure 5.3). Sweeping the polymer film to higher potentials oxidizes the outer polymers
and eliminates the insulation. As charges hop freely along and between polymer chains,
n
Poly(1)
Figure 5.6. Structure of the parent macrocyclic polymer.
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the polymer's bulk conductivity increases significantly. Scheme 5.1 illustrates the two-
step oxidation and its effect on the bulk conductivity.
Scheme 5.1. Two-step redox process of the three-strand system and the corresponding
bulk conductivity at each stage.
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Binding of Cu÷ alters the bulk electrochemical behavior of the polymetallorotaxane.
The overlapping redox waves between the center polymer and the Cu'/Cu2+ couple in the
polymer's cyclic voltammogram indicate redox energy matching for these two species.
Because the metal centers are immobilized in the periphery of the center wires, they can
provide critical interconnects and create charge transport pathways between the
encapsulated wires, as illustrated in Figure 5.4. Conductivity measurements of the
copper-bound polymer film confirm our assertion. As the metal-mediated charge
hopping neutralizes the insulating effect of the outer wires, the polymer remains
conducting in the presence of the pristine (neutral) outer polymers.
13"7
We felt that the structural novelty and the complex electrochemical properties of the
system deserved further investigation. In addition, the concept of copper-mediated
conduction presents a viable signal transduction mechanism for the detection of various
anions and small molecules. Thus the second generation conducting polymetallorotaxane
was born. Figure 5.5 highlights the structural modifications we implemented to the
threading unit of the rotaxane monomer in an attempt to procure more desirable
properties. Firstly, the incorporation of a 1,10-phenanthroline moiety in the threading
unit in place of 2,2'-bipyridyl should yield a more rigid wire conformation upon
polymerization, since rotation with respect to the adjacent bipyridine rings is prohibited.
Secondly, we expected more effective insulation in the threading polymer from the
functionalization of the thiophene rings with head-to-head hexyl groups. Moreover, in
traditional polyalkylthiophenes, head-to-head substituted alkyl thiophene rings introduce
a high torsion angle between adjacent rings. 12 The steric strain between repeat units
/
Figure 5.7. Copper ion-mediated conduction in three-strand conducting poly-
metallorotaxane.
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forces the polymer backbone to twist locally out of co-planarity and causes a decrease in
conductivity.13 Thirdly, the addition of hexyl groups should increase the solubility and
processibility of the polyrotaxane in organic solvents.
Figure 5.8. Structure of the modified polymetallorotaxane repeat unit.
Results and Discussions
Synthesis of the Rotaxane Monomer
The structural modifications to the threading polymer require minor changes in the
synthetic pathway (Scheme 5.2). To access the head-to-head dihexylthiophene precursor,
we employed a Kumada homo-coupling strategy in accord with literature precedents.' 4
We divided 2-bromo-3-hexylthiophene into two equal portions. Refluxing the first
portion with Mg turnings and catalytic 12 converted the aryl bromide to a Grignard
reagent. Reaction of the in-situ generated Grignard with the second portion of the
reactant in the presence of a Ni(II) catalyst afforded the 3,3'-dihexyl-2,2'-bithiophene in
75% yield. Mono-stannylation of the bithiophene 2 provided access to a Stille coupling
reaction of 3 and 3,8-dibromo-1,10-phenanthroline to yield the threading monomer 4 in
1.39
moderate yields. The freshly prepared threading unit 4 appears as a bright yellow oily
substance, which gradually turned to an orange/red waxy solid over time. We attribute
the changes to protonation of the phenanthroline unit, as the compound regains its bright-
yellow color after treatment with a strong base such as KOH solution. The flanking
electron rich bithiophene units serve as electron donating groups to the phenanthroline
and enhance its basicity by stabilizing the resonance structure of the protonated
compound.
Scheme 5.2. Synthesis of the Threading Unit.
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" (i) Mg turnings, cat. 12, diethyl ether, reflux; (ii) 2-bromo-3-hexylthiophene,
Ni(PPh3)2Br2, 75%, (iii) (a) n-butyllithium, THF, 00 C; (b) Bu 3SnCl, rt., 100%; (iv) 3,8-
dibromo-1,10-phenanthroline, Cul, Pd(PPh3)2CI2, DMF, 800C, 63%.
Similar to the first-generation metallorotaxane, we employed the metal-ion templating
strategy pioneered by Sauvage to construct the polymer precursor. Mixing equal
amounts of the threading monomer 4 with the macrocycle 1 using either zinc(II)
perchlorate or copper(I) hexafluorophosphate as a template allowed self-assembly of the
metallorotaxane monomers 5 and 6 (Scheme 5.3). As expected, the pendant hexyl groups
contributed to the remarkable solubility of the metallorotaxanes in most organic solvents.
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Scheme 5.3."
H13C6
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a(i) Zn(CI0 4)-6H 20 or Cu(CH3CN)4PF6, CH2CI2/CH3CN.
Electropolymerization of Conducting Polymetallorotaxanes
Electrochemistry of Poly(5)
Taking advantage of the widely separated oxidation potential of the two
electropolymerizable units of the rotaxane monomer 5, we performed the aforementioned
two-step electropolymerization to obtain Poly(5) (Scheme 5.4). Sweeping the monomer
solution in a 0.1M TBAPF6 electrolyte between -0.6 and 0.4 V vs. Fc/Fc÷ initiates the
polymerization of the EDOT-aryl-EDOT unit. As Figure 5.6 shows, the Zn-bound
rotaxane monomer 5 displays a first oxidation wave at 0.25 V vs. Fc/Fc'. Subsequent
sweeps result in polymer deposition on the electrode surface and affords Poly(5)-1, as
evident by the emergence of a new redox feature centered at -0.06 V vs. Fc/Fc` in
concurrent with increased current density. CVs of the polymer film in a fresh electrolyte
solution at various scan rates reveal surface-confined behavior with a formal redox
potential, E,/2, of -0.08 V vs. Fc/Fc÷ (Figures 5.6 and 5.7).
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Scheme 5.4. Two-step electropolymerization of the rotaxane monomers.
M = Zn
M = Cu
-2eo
-2H+
Poly(5)-1 M = Zn
Poly(6)-1 M = Cu
-2e
-2H +
Poly(5) M = Zn
Poly(6) M = Cu
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Figure 5.9. (Top) Polymer growth of monomer 5 at scan 1, scan 5, scan 10 and scan 15.
(Bottom) CV of the Poly(5)-1 in fresh electrolyte solution. Conditions: Pt button
working electrode, 0.1 M TBAPF, in DCM, scan rate = 100 mV/s.
Scan rate (mV/s)
Figure 5.10. Scan rate dependence plot of Poly(5)-1
TBAPF6 in DCM.
;0
thin film on Pt button in 0. 1M
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Oxidative coupling of the threading ligands occurs when the applied potential reaches
0.95 V vs. Fc/Fc'. This process is apparent from the large irreversible current in the first
sweep to higher potentials, as illustrated in Figure 5.8. Inspired by previous work on the
first-generation conducting polyrotaxane, we attribute this large irreversible current to the
formation of radical cations from the oxidized threading ligand 4, which then undergoes
polymerization. In subsequent sweeps, the irreversible current disappears and a redox
feature centered at 0.65 V vs. Fc/Fc' emerges. We ascribe this redox wave to the
electroactivity of the threading polymer by comparing Figure 5.8 with the CV of the
model rotaxane 7 (Figure 5.9). Ideally, a parallel configuration between the two
electropolymerizable units in the rotaxane monomer should place the adjacent threading
ligands from the same wire very close together for oxidative coupling, hence favoring the
formation of the perfect three-strand molecular wire structure depicted in Figure 5.5. The
parallel configuration, however, is not singular. As the computer model of 6 using PM3
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Figure 5.11. The first (solid line) and subsequent (dashed line) scans of the CV of
Poly(5) on a 5 gpm Pt interdigitated microelectrode (0.1 M TBAPF6 in CH 2C12 at a scan
rate of100 mV/s).
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Figure 5.12. (left) The threading model polymer Poly(7). (right) CV of Poly(7) on a Pt
button (0.1 M TBAPF6 in CH2C12 at a scan rate of100 mV/s).
geometry optimization shows, the two substituents can adopt an oblique configuration
(Figure 5.10). This skewed structure allows intermolecular coupling between threading
groups from different wires, which would yield a cross-linked polymer network. Scheme
5.5 offers a schematic illustration of the two different assemblies.
Figure 5.13. Geometry optimization model of 6 using PM3 level of calculation. The
phenanthroline and ethylene glycol portion of the macrocycle is shown in white, the
center electropolymerizable unit in red, and the threading ligand in blue. The center
yellow atom represents Cu'.
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Scheme 5.5. Schematic illustration of the two possible assemblies.a
0 0 C'
-2_nH
a(Top) A three-strand molecular wire structure from rotaxanes with parallel threading
units and center wire. (Bottom) A cross-linked polymetallorotaxane network obtained
from the oblique architecture.
The characterization of the precise structural composition, i.e. three-stranded vs.
cross-linked, in the amorphous polymer film on the electrode surface is a formidable task.
Voltammetric methods measure the redox potentials of the electroactive species present
in a sample, but very often they provide little information on the organization of these
species. In the three-strand architecture, the bulk polymer comprises rigid rods of
individual encapsulated wires. The cross-linked polymer, on the other hand, resembles a
supramolecular lattice with alternating center wire and the threading polymer. The two
distinct macroscopic architectures should lead to different bulk charge transport
pathways, which can in principle be elucidated via conductivity measurements.
The in-situ conductivity profile of Poly(5) displays some very interesting features
(Figure 5.11). In the oxidative sweep, the.polymer shows very a similar conductivity
profile to that of the first-generation zinc-bound polymer (see Figure 5.2), thus the
146
macrocyclic polymer behaves as a partially isolated wire when the threading polymer is
in its pristine (neutral) state. In the reductive sweep, however, the conductivity remains
relatively high and declines steeply at ca. -0.1 V vs. Fc/Fc+. The large hysteresis in the
conductivity profile suggests that the polymer undergoes metastable structural and/or
electronic changes upon oxidation. To undo these changes, one requires a cathodic
overpotential to recover the polymer's initial fully reduced form. In addition, these
changes are not completely reversible. As Figure 5.11 reveals, the anodic drain current
between -0.2 and 0.4 V vs. Fc/Fc+ creeps up with each subsequent sweep, this suggests
the depletion of the insulating role provided by the threading polymer. We believe that
the hysteresis in conductivity is inherent of a highly cross-linked polyrotaxane network,
although further investigation is required in order to ascertain this association.
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Figure 5.14. The first (solid line) and second (dashed) scans of in-situ conductivity
versus applied oxidation potential Poly(5) film on 5 gm interdigitated microelectrode (0.1
M TBAPF 6 in CH2CI2 at a scan rate of 5 mV/s with a 40 mV offset potential between
adjacent electrodes.
Electrochemistry of Poly(6)
The preparation of Poly(6) is analogous to that of Poly(5). Sweeping the monomer 6
in an electrolyte solution between -0.6 and 0.4 V vs. Fc/Fc+ proceeds to deposit Poly(6)- 
on the electrode surface. The CV of this intermediate product displays the redox features
of the center wire and the metal center at -0.1 V and 0.2 V (vs. Fc/Fc+), respectively
(Figure 5.12). Subjecting the polymer film to higher potentials results in the oxidative
polymerization of the threading polymer (E,,2 = 0.64 V vs. Fc/Fc+). Figure 5.13 shows
the CV of Poly(6), in which all three pseudo-reversible redox waves can be observed.
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Figure 5.15. CV of Poly(6)-1 on a 5 m Pt interdigitated microelectrode (0.1 M TBAPF6
in CH2CI2 at a scan rate of 100 mV/s) after the first polymerization.
The conductivity profile of Poly(6) reveals two maxima of approximately equal
intensity (Figure 5.13). A comparison with the CV of the polymer indicates that the
first wave, which spans between -0.1 and 0.4 V vs. Fc/Fc+, can be ascribed to the
redox activity of the macrocyclic polymer and the metal center. The second wave at
higher potentials (0.7 V vs. Fc/Fc+) corresponds to the electroactivity of the threading
polymer. In addition, Poly(6) displays a maximum conductivity of ca. 60 S/cm.
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Figure 5.16. (Top) The first (dashed line) and second (solid) scans of the CV of Poly(6)-
1 on a 5 ,um Pt interdigitated microelectrode (0.1 M TBAPF 6 in CH2C12 at a scan rate
ofl00 mV/s). (Bottom) Plot of in-situ conductivity versus applied oxidation potential
Poly(6) film on 5 gm interdigitated microelectrode (0.1 M TBAPF 6 in CH2C12 at a scan
rate of 5 mV/s with a 40 mV offset potential between adjacent electrodes.
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Conductometric Response of Poly(6) to Anions
In a conductometric sensor, an analyte binding event triggers a change in
conductivity. Structural novelty aside, Poly(6) presents an attractive candidate for anion
detection. It is well documented that anion and small molecule binding to transition
metal ions alters the redox energy of the metal ions. Embedded in the rotaxane cavity,
the copper centers, (CuLn)+, are intimately involved in the bulk charge transport, thus they
can serve as both the receptor and the signal transducer. Perturbing the copper centers
via the formation of CuLnXm, where X is the anion of interest, should therefore alter the
interchain charge transport and consequently affect the conductivity of the bulk polymer.
Based on our experience with signal amplification in CP-based sensors, we anticipated
this anion detection scheme to be remarkably sensitive. To investigate the
electrochemical response of Poly(6) to anions, we measured the cyclic voltammogram
and in-situ conductivity profile of the polymer film, then made the same measurements of
the same film in the presence of 0.01 mM of the (n-Bu 4N)X.
Electrochemical Response to Halides
Assuming anion coordination occurs at the copper center, one can consider two
possible consequences. Firstly, the formation of CuLnXm should alter the metal-mediated
charge transport, thereby affecting the bulk conductivity of the partially isolated
macrocyclic polymer. Secondly, since the copper ion is directly chelated to the threading
polymer, anion binding will perturb the electronics of the polymer, which can be
observed by voltammetric methods. Figure 5.14 illustrates the comparison of the cyclic
voltammograms and in-situ conductivity profiles of Poly(6) before and after exposure to
0.01 mM fluoride, chloride and bromide ions (with the inert tetrabutylammonium as the
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counterion). In general, halide treatment of the polymer film leads to increased current
between -0.6 V and 0.5 V vs. Fc/Fc+ in the cyclic voltammograms. As mentioned in the
previous sections, the redox features observed in this potential window correspond to the
redox activities of the macrocyclic polymer and the copper center. We observed little
change in the redox potential of the macrocyclic polymer, while the Cu+/Cu2+ redox wave
is pushed to lower potentials, such that it coalesces with the macrocyclic polymer redox
wave. The insensitivity of the macrocyclic polymer redox potential to anions supports
our assertion that anion binding occurs at the copper centers. At higher potentials (0.5 V
to 0.85 V vs. Fc/Fc+), the redox couple of the threading polymer is also shifted to lower
potentials. In particular, chloride treatment of the polymer film induces the largest shift
(ca. 100 mV) in the threading polymer wave. We attribute this to the electronic
perturbation of the copper-bound threading polymer upon anion coordination. Our group
has previously shown that the binding of an anion to an electroactive species produces a
negative shift in the redox potential by stabilizing the proximate positive charge of the
oxidized species.'5 In summary, all three halide ions induce similar and discernable
changes in the polymer's redox properties, which corroborate with the metal-anion
binding model.
Interestingly, while all three halide ions impart similar changes in the electrochemical
behavior of the polymetallorotaxane, they elicit very different response in the polymer's
conductivity, as illustrated in Figure 5.14. From our previous experience with conducting
organic-metal hybrid systems, the superimposition of the conjugated polymer and the
metal center redox waves should lead to the enhancement of the conductivity.
Nonetheless, the conductivity changes observed in the anion-treated Poly(6) appear to be
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independent of the "redox matching" between the macrocyclic polymer and the copper
center. The polymer film becomes more conducting in the presence of 0.01 mM TBAF,
the smallest halide ion in the periodic table, while both chloride and bromide ions lead to
decreased bulk conductivity. It should be noted that the conductivity profiles of the
anion-treated polymer films retain the two-wave form, without the emergence of new
features. However, increasing the anion concentration to 0.1 mM and above leads to the
overall attenuation in the polymer's conductivity, regardless of the anion. As revealed in
Figure 5.15, the conductivity profile shows a single wave centered at 0.1 V vs. Fc/Fc+ in
the presence of 0.1 mM TBAF. Treatment with chloride and bromide ions shows similar
trends. During the course of the experiment, a yellow-green color developed in the
initially clear electrolyte solution. In addition, we observed the degradation of the
threading polymer electroactivity in the cyclic voltammograms. These observations
indicate that high concentration of halide ions causes the unraveling and the subsequent
collapse of the polymetallorotaxane network, possibly via the formation of CuX2, which
is then extracted from the rotaxane tetrahedral cavity.
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Figure 5.17. Cyclic voltammogram (top) and in-situ conductivity versus applied
oxidation potential after four successive sweeps (bottom) of Poly(6) film in clean
electrolyte (solid lines) and in the presence of 0.01 mM anion of interest (dashed lines).
Conditions: Cyclic voltammograms were recorded on a 5 m Pt interdigitated
microelectrode (0.1 M TBAPF6 in CH2CI2 at a scan rate ofl00 mV/s). Conductivity
profiles were recorded on 5 gm interdigitated microelectrode (0.1 M TBAPF6 in CH2CI2
at a scan rate of 5 mV/s with a 40 mV offset potential between adjacent electrodes.
-06 '-0.4 -0.2 0 0.2 0.4 0.6 0.8
E vs. Fc/Fc' (V)
Figure 5.18. Plot of in-situ conductivity versus applied oxidation potential Poly(6) film
on a 5 jgm interdigitated microelectrode (0.1 M TBAPF 6 in CH2C12) at a scan rate of 5
mV/s with a 40 mV offset potential between -adjacent electrodes in fresh electrolyte (solid
line) and in 0.1 mM TBAF (dashed line).
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Electrochemical Response to Other Anions
We also investigated the polymer's response to polyatomic anions that bind to metal
ions. Figure 5.16 displays the cyclic voltammograms and conductivity profiles of Poly(6)
in the presence of 0.01 mM cyanide, acetate and dihydrogen phosphate. We anticipated
the extraction of the copper ions by cyanide due to the extremely low solubility of CuCN
(Ksp = 3.2 x 10-20 at 25C). On the other hand, we became interested in acetate and
dihydrogen phosphate because of their weakly acidic character, which might complicate
the polymer-anion interactions. Interestingly, the striking similarities between the cyclic
voltammograms depicted in Figures 5.14 and 5.16 indicate that the anions interact with
the polymetallorotaxane in a very similar fashion, regardless of the size, geometry, pKa
and the solvation energy of the anion. Simple inspection of the conductivity
measurements reveals that all three polyatomic anions hinder the bulk charge transport of
the polymer. The conductivity of the polymer is dramatically reduced (>90%
attenuation) upon treatment with cyanide and dihydrogen phosphate, while acetate-
binding causes less than 10% decrease in the conductivity.
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Figure 5.19. Cyclic voltammogram (top) and in-situ conductivity versus applied
oxidation potential after four successive sweeps (bottom) of Poly(6) film in clean
electrolyte (solid lines) and in the presence of 0.01 mM anions (dashed lines).
Conditions: Cyclic voltammograms were recorded on a 5 gm Pt interdigitated
microelectrodes (0.1 M TBAPF6 in CH2C12 at a scan rate of 100 mV/s). Conductivity
profiles were recorded on 5 gm interdigitated microelectrodes (0.1 M TBAPF 6 in CH2C12
at a scan rate of 5 mV/s with a 40 mV offset potential between adjacent electrodes.
Conclusions
We have synthesized a second-generation polymetallorotaxane modified from a
previously reported system, in which two electropolymerizable units are interlocked in a
rotaxane conformation, held together by the presence of a tetrahedral transition metal ion.
The rotaxane monomer undergoes the two-step electropolymerization developed by our
group to afford a conducting polymetallorotaxane network. The polymer exhibits
electrochemical behavior akin to the original three-strand system. Computer modeling
suggests that the two electropolymerizable units can adopt an oblique conformation,
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which leads to a cross-linked lattice network upon polymerization. We attribute the large
hysteresis in the conductivity of Zn system, Poly(5), to a crosslinked polyrotaxane
network, although the precise structural composition, i.e. three-strand vs. cross-linked,
cannot be determined. In Poly(6), the isoenergetic copper centers enhance the
electroactivity of the polymer by mediating interchain charge hopping. Anion
interactions alter the redox behavior of the copper centers, thereby perturbing the bulk
charge transport. The electrochemical behavior (CV) of the anion-treated polymer
indicates that both halides and polyatomic anions selectively interact with the copper
centers. Surprisingly, low concentrations of fluoride causes an increase in the polymer's
conductivity, while other anions hinder bulk charge transport in the polymer.
Unfortunately, the experimental data fail to establish a trend between anion interactions
and conductivity changes.
In conclusion, we have demonstrated that the rich structural features of the
polymetallorotaxanes result in complex electrochemical behavior. In a grand perspective,
self assembly and supramolecular chemistry present a fertile playground on which
scientists can build molecule- and polymer- based systems that mimic the integrated
functions of macroscopic machines and devices, as well as other functional materials.
Experimental Section
Materials. Pd(PPh3) 2CI2 and Ni(PPh3)2Br2 were obtained from Strem. Macrocycle 1,
2-bromo-3-hexylthiophene, 3,3'-dihexyl-2,2'-bithiophene, 3,3'-dihexyl-2,2'-bithiophene-
5-tributylstannane and 3,8-dibromo-l,10-phenanthroline were prepared by literature
procedures.7 6 7' All starting materials were purchased from Aldrich and used without
further purification unless noted. Diethyl ether, dichloromethane and tetrahydrofuran
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were obtained from JT Baker and purified through GlassContour solvent purification
system. Acetonitrile and N,N-dimethylamide were obtained in Aldrich sure-seal bottles
and stored over molecular sieves in an inert atmosphere of dry argon prior to use.
Equipment. All reactions and manipulations were carried out under an atmosphere of
inert argon or nitrogen using Schlenk techniques or in an inert-atmosphere glovebox
(Innovative Technologies) unless otherwise noted. Solution 500 MHz H NMR spectra
and 125.8 MHz '3C NMR spectra were recorded on a Varian Unity 500 spectrometer and
were referenced to CDC13 ( = 7.27 ppm and = 77.23 ppm, respectively) or CD2C12 (8 =
5.32 ppm and 8 = 54.00 ppm, respectively) as noted. All electrochemical measurements
were performed in an air-free dry-box using a computer-controlled Autolab Model
PGSTAT 20 potentialstat from Eco Chemie. Cyclic voltammetry was performed in
oven-dried one chamber three electrode cells vs. a quasi-internal Ag wire reference
electrode (BioAnalytical Systems) submersed in 0.01 M AgNO 3/0.1 M n-Bu 4NPF 6
(TBAPF6) in anhydrous MeCN with a platinum coil counterelectrode. All studies
employed TBAPF6 electrolyte in MeCN or CH2CI2 as noted, and all potentials are
reported versus the Fc/Fc+ redox couple. The 5gtm interdigitated microelectrodes used
for in-situ conductivity measurements were purchased from AAI-Abtech Scientific, film
thicknesses were determined on a Dektak 400 surface profiler.
Synthesis of thread 4. In a 200mL Schlenk flask, 1.03 g (3.066 mmol) of 3,8-
dibromo-1,10-phenanthroline, 1.5 g (7.876 mmol) CuI and 5.82 g (9.329 mmol) of 3,3'-
dihexyl-2,2'-bithiophene-5-tributylstannane were combined with 100 mL DMF. The
reddish brown suspension was degassed with Ar for 30 min. Under a fast Ar flow,
Pd(PPh3)C 2 was added. The reaction mixture stirred overnight at 800 C. The next day,
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the solvent was removed in vacuo. The oily residue was dissolved in 200 mL CH2CI2 and
filtered quickly through a short celite pad. The red solution was washed with 2x100 mL
aq. NH3 (28%), water, 2x100 mL 0.1% KF, water and brine. The organic layer was dried
over Na2SO4 and rotovaped to dryness. To remove bithiophene and quarterthiophene by
products, the crude product and 0.7 g Cu(CH3 CN)4PF6 were dissolved in 100 mL 1:1
CH3CN/CH2CI2. After the solid went into solution, the solvent was removed in vacuo.
Hexane (200 mL) was added to redissolve the bithiophene and quarterthiophene
byproducts. The dark red Cu(I) complex was isolated and washed with copious amount
of hexane to ensure the complete removal or any thiophene byproducts. The red solid
was dissolved in CH2C12 and washed with 2x100 mL aq. NH3 (28%), water and brine.
After drying over Na2SO4, the crude product was purified via silica column
chromatography. Product was eluted with'30% CH2C12 in hexane. The yellow crude
product was recrystallized in hexane at -300C and isolated promptly as a yellow oil (at
r.t.) (2.2 g, 71%)
Data for 4. 13C NMR (125.799 MHz, CDCI3) 6 = 148.14, 144.70, 143.47, 140.14,
131.51, 130.90, 129.77, 129.37, 129.15, 128.54, 127.79, 127.07, 126.27, 32.20, 31.27,
31.22, 29.69, 29.58, 29.46, 23.16, 14.41 ppm. 'H NMR (500.248 MHz, CDCI3) = 8.43
(d, J = 3.5 Hz, 2H), 8.33 (d, J = 3.5 Hz, 2H), 7.83 (s, 2H), 7.27 (s, 2H), 7.34 (d, J = 8.5
Hz, 2H), 7.01 (d, J = 8.5 Hz, 2H), 2.58 (m, 8H), 1.84 (m, 8H), 1.27 (m, 24H), 0.86 (m,
12H) ppm. HRMS m/z = 2056.7534 ([M+H] +) (calc'd m/z = 2055.7894).
General Procedures for the Synthesis of Rotaxane Monomers 5 and 6. (Drybox
procedure) A stock solvent of 1:1 dry and degassed CH2Cl2/CH3CN was prepared. In a 9
dram glass vial, macrocycle 1 (0.15 g, 0.173 mmol) was dissolved in 3 mL stock solvent.
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1 eqiv. of the metal salt (Zn(CIO4 )2 for 5 and Cu(CH 3CN)4PF 6 for 6 was added. A yellow
color developed. After stirring at r.t. for 10 min., 0.15 g (0.177 mmol) thread 4 in 3 mL
stock solvent was added to the reaction mixture. The reaction mixture changed to a
darker color. The mixture was stirred at r.t. for 6 hours. Concentration and subsequent
addition of diethyl ether afforded the rotaxane monomers.
Data for 5. Orange powder (0.31 g, 91% yield) '3C NMR (125.799 MHz, CDCI3) 6 =
ppm. 'H NMR (500.248 MHz, CDCI3) 8 = 9.20 (d, J = 14 Hz, 2H), 8.50 (s, 2H), 8.46 (d,
J = 14 Hz, 2H), 8.17 (s, 2H), 7.92 (dd, J = 18.0 Hz, 4.5 Hz, 2H), 7.60 (d, J = 14 Hz, 4H),
7.56 (d, J = 7.5 Hz, 2H), 7.43 (d, J = 7.0 Hz, 2H), 7.39 (d, J = 6.0 Hz, 2H), 7.35 (d, J =
6.5 Hz, 2H), 7.18 (dd, J = 9.0 Hz, 6.0 Hz, 2H), 6.69 (s, 2H), 6.55 (d, J = 15.0 Hz, 4H),
4.70 (t, J = 17.5 Hz, 2H), 4.41-3.92 (m, 16 H), 3.77-3.73 (m, 2H), 2.58 (m, 4H), 1.68 (m,
4H), 1.27 (m, 32H), 0.86 (m, 12H) ppm. HRMS m/z = 2004.5828 ([M+H] +) (calc'd m/z =
2004.6418).
Data for 6. Dark red powder (0.26 g, 78% yield) '3C NMR (125.799 MHz, CDCI3) 8 =
ppm. 1H NMR (500.248 MHz, CDCI3) = 8.91 (d, J = 14.0 Hz, 2H), 8.33 (s, 2H), 8.31
(d, J = 14.0 Hz, 2H), 8.28 (d, J = 2.5 Hz), 8.20 (s), 7.80 (dd, J = 13.5 Hz, 3.5 Hz, 2H),
7.65 (d, J = 15.0 Hz, 4H), 7.53 (dd, J = 8.5 Hz, 2.0 Hz, 2H), 7.40 (d, J = 6.5 Hz, 2H), 7.37
(dd, J = 6.0 Hz, 1.5 Hz, 2H), 7.33 (s, 2H) , 7.31 (d, J = 5.5 Hz, 2H), 7.16 (d, J = 6.0 Hz,
2H), 7.14 (d, J = 6.0 Hz, 2H), 6.62 (s, 2H), 6.31 (d, J = 15.0 Hz, 4H), 4.70 (t, J = 15 Hz,
2H), 4.43 (m, 4H), 4.34 (m, 4H), 4.20 (m, 4H), 3.94 (m, 8H), 3.89 (m, 8H), 3.80 (m, 4H),
2.58 (m, 4H), 1.68 (m, 4H), 1.27 (m, 32H), 0.86 (m, 12H) ppm. HRMS m/z = 1948.9263
([M+H] +) (calc'd m/z = 1948.8502).
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Synthesis of Rotaxane 7. The synthesis of rotaxane 7 is analogous to that of rotaxanes 5
and 6. Reaction with 50 mg (0.0882 mmol) Sauvage's macrocycle'8 , 75 mg (.0887
mmol) thread 4 and 33 mg (0.0886) mmol Zn(C104)2.6H20 afforded 7 as an orange
powder (101 mg, 90%).
Data for 7. ' 3C NMR (125.799 MHz, CD2C12) 6 = 163.31, 155.47, 142.93, 136.70,
130.24, 128.38, 127.02, 126.54, 123.65, 117.15, 100.34, 71.36, 71.14, 70.97, 69.59,
68.35, 32.16, 32.03, 31.15, 30.92, 29.61, 23.10, 14.38 ppm. H NMR (500.248 MHz,
CDC13)6 = ppm. HRMS m/z = 1791.5382 ([M+H] +) (calc'd m/z = 1791.5485).
(1) Vidal, P. L.; Billon, M.; Divisia-Blohorn, B.; Bidan, G.; Kern, J. -M.; Sauvage, J. -P.
Chem. Commun. 1998, 629.
(2) Vidal, P. -L.; Divisia-Blohorn, B.; Bidan, G.; Hazemann, J. -L.; Kern, J. -M.;
Sauvage, J. -P. Chem. Euro. J. 2000, 6, 1663.
(3) Kern, J. -M.; Sauvage, J. -P.; Bidan, G.; Billon, M.; Divisia-Blohorn, B. Adv. Mat.
1996, 8, 580.
(4) Divisia-Blohorn, B.; Genoud, F.; Borel, C.; Bidan, G.; Kern, J. -M.; Sauvage, J. -P.
J. Phys. Chem. B 2003, 107, 5126.
(5) Billon, M.; Divisia-Blohorn, B.; Kern, J. -M.; Sauvage, J. -P. J. Mater. Chem. 1997,
7, 1169.
(6) Zhu, S. S.; Swager, T. M. J. Am. Chem. Soc. 1997, 119, 12568.
(7) Buey, J.; Swager, T. M. Angew. Chem. 2000, 39, 608-12.
(8) Swager, T. M. Acc. Chem. Res. 1998, 31, 201.
(9) Goldenberg, L. M.; Bryce, M. R.; Petty, M. C. J. Mater. Chem. 1999, 9, 1957.
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(10) McQuade, D. T.; Pullen, A. E.; Swager, T. M. Chem. Rev. 2000, 100, 2537.
(11) Fabre, B. Handb. Adv. Electron. Photonic Mater. Devices 2001, 8, 103.
(12) Louarn, G.; Kruszka, J.; Lefrant, S.; Zagorska, M.; Kulszewicz-Bayer, I. Synth. Met.
1993, 61, 233.
(13) Wu, C. -G.; Lin, Y. -C.; Chan, M. -J; Chien, L. -N. J. Polym. Sci. Part B: Polym.
Phys. 1999, 37, 1763.
(14) Nakazaki, J.; Chung, I.; Watanabe, R.; Ishitsuka, T.; Kawada, Y.; Matsushita, M.
M.; Sugaware, T. Int. Electron. J. Mol. Design 2003, 2, 112.
(15) Takeuchi, M.; Shioya, T.; Swager, T. M. Angew. Chem. Int. Ed. 2001, 40, 3372.
(16) (a) Nakazaki, J.; Chung, I.; Watanabe, R.; Ihitsuka, T.; Kawada, Y.; Matsushita, M.
M.; Sugawara, T. Internet Electronic J. Mol. Design 2003, 2, 112-27. (b) Salhi, F.;
Collard, D. M. Adv. Mater. 2003, 15, 81-5.
(17) Saitoh, Y.; Koizumi, T. -A.; Osakada, K.; Yamamoto, T. Canadian J. Chem. 1997,
75, 1336-39.
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Characterization Methods
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Appendix A:
Frequency-domain lifetime measurements'
In the frequency domain, a high frequency intensity modulation in the excitation
source causes a sinusoidal modulation in the emission. The excited sample emits
fluorescence at the same frequency as the source beam, but is phase shifted and
demodulated by the average fluorescence lifetime of the sample. The resulting phase
shift (4D) and modulation change (mr) increase with higher frequencies (o) and are
directly related to the emission lifetime. The following equation describes their
relationship:
tan •1, = Mz
1
Note that o is the excitation circular frequency (2t x Hz).
100 200 300 400 500
Degree
Figure Al. General scheme of a frequency-domain lifetime measurements.
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Data fitting to a model using non-linear least-squares method allows one to analyze
the phase and modulation frequency response at several frequencies and obtain the decay
time, t. This method also applies for systems with multiple emissive components.
Electrochemical Methods
Electrochemical characterization techniques provide kinetic and thermodynamic
information about the nature of the electrochemical processes occurring within an
electroactive species. In the Swager group, our main interest lies in the investigation of
electroactivity in conducting polymers and their respective monomers, and the utilization
of these polymers as chemoresistive sensors. This section will provide a brief summary
on the design and applications of the electroanalytical methods employed in the work
described in this dissertation. The interested reader can refer to the number of texts
available for a more detailed discussion on electrochemistry and electrochemical
methods, and the rigorous mathematical equations that govern these processes. 2
Standard Cell Setup
Non-aqueous systems with low conductivity generally exhibit high voltage drop, iRs,
due to the solution resistance, Rs. As a result, the effective potential applied to the
electrochemical cell often deviates from the open-circuit value. A three-electrode cell, as
illustrated in Figure A2, ameliorates this problem by adding an extra electrode from
which current is drawn. Electrochemical reactions of interest, either in solution state or
in thin films, occur at the working electrode (WE). Depending on the conditions and the
type of experiments, one can choose from a variety of WEs for the optimal results.
Precious metals (Pt, Au and Ag), carbon (graphite and glassy carbon), and the transparent
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indium tin oxide (ITO) are some materials frequently used in WE. Because
electrochemical reactions at the electrode surface depends on the diffusion and mass
transfer of the electroactive species, the size and shape of the WE can impart profound
effects on the outcome of the experiment. Examples of WE include ultramicroelectrodes,
buttons, arrays, bands, interdigitated electrodes and plates. The reference electrode (RE)
should be made up of a material with a known potential that approaches ideal
nonpolarizability, such as standard calomel. electrode (SCE) (for aqueous systems) and
Ag/Ag ÷ electrodes for nonaqueous experiments. An inert material of a large area relative
to the WE, usually a Pt wire or gauze, makes up the CE, sometimes known as the
auxiliary electrode. In this arrangement, the current passes between WE and CE, while a
potential difference is applied across the WE and RE.
CE
Figure A2. Illustration of a three-electrode electrochemical cell consisting of a working
electrode (WE), reference electrode (RE) and counter electrode (CE).
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Cyclic Voltammetry
Potential sweep voltammetry describes a class of electroanalytical experiments in
which one sweeps the potential with time and records the resulting i-E curve directly. It
is an extremely powerful and widely used method, since it reveals much information on
the electrochemical behavior of a system. In linear sweep voltammetry (LSV), the
potential is varied linearly with time at a scan rate of v. In cyclic voltammetry (CV), the
direction of the potential scan is reversed at a certain potential. This results in a
triangular waveform, as depicted in Figure A3.
0
oaL
Time (s)
Figure A3. Typical E-t waveform in a CV experiment.
If one begins the scan in the potential region well before the electroactive window of
the redox species, one initially observes nonfaradaic currents. As the applied potential
approaches the oxidation potential, Eo,, of the electroactive species in the anodic sweep,
oxidation begins and the current begins to rise. As the potential becomes more positive,
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the concentration of the neutral species at the electrode surface decreases. As fresh
neutral species rush to replenish the electrode surface, the flux and anodic current
continue to increase. However, as the potential moves past Eo, the surface concentration
of the neutral species is completely depleted and the mass transfer reaches the maximum
rate. Consequently, current flow begins to decline. In the reversed (cathodic) sweep, the
process is reversed as reduction of the oxidized species takes place. Figure A4 reveals
the "duck shape" in a typical CV of a quasireversible redox reaction with a soluble
electroactive molecule.
C
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Figure A4. Cyclic voltammogram of a quasireversible redox reaction.
For a Nernstian system with stable redox products, the ratio of peak currents, ip,, is
unity regardless of the scan rate, Ex. Deviation of this value from unity indicates
homogeneous kinetics or complications in the electrochemical reaction. The formal
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redox potential, E,,2, of a system is given by (Epa + Epc)/2, where Epa and Epc represent the
peak anodic and cathodic potentials, respectively. The peak potential separation, Epa-Epc,
often denoted as AEp, provides information about the reversibility of the electrochemical
process. In an ideal reversible system, the peak potentials perfectly overlap, such that
AEp = 0. Redox processes alter the dipole moment and the geometry of most organic
systems. In these systems, redox reversal requires an overpotential to compensate for
these changes and results in a displacement in the peak potentials. If the separation is
small, i.e. AEp < 100 mV, the reaction is considered quasireversible. Systems that exhibit
AEp larger than 100 mV are irreversible electrochemically.
Differential Pulse Voltammetry
Pulse voltammetry was first developed as a way to suppress charging current from the
expanding mercury drop at the tip of the drop mercury electrode (DME). Although many
of the technical terms and concepts behind this practice are still deeply rooted in the
classical polarographic context for historic reasons, scientists have successfully applied
this method at common stationary electrodes. We will focus on the electrochemical
behavior at nonpolarographic electrodes during pulse voltammetry experiments.
Differential pulse voltammetry (DPV), in particular, is a very powerful method to
deconvolute redox waves that are otherwise irresolvable by potential sweep methods.
Figure A5 reveals the general sampling scheme used in a DPV experiment. At each
cycle, the potential is held at a base potential, EB. The first current sample is taken at the
end of this waiting period, '. A short pulse of potential is applied and a second current
sample is taken at the end of the pulse, . The cycle is repeated at a slightly elevated EB.
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The record of the experiment is a plot of the current difference, Si = i(r) - i(r'), as a
function of the base potential. The method derives its name from the differential current
measurements.
E! E
second current sample
. . . .. .- -- --- - .-. t
Figure AS. (left) Schematic potential program in a differential voltammetry experiment.
(right) Events for a single cycle of a DPV experiment.
Consider the DPV for the oxidation reaction R - ne -- O, depicted in Figure A6. The
scan begins at EB well below Ex and only R is present in the bulk. Initially, i is virtually
zero in the absence of faradaic process. As EB approaches the vicinity of Eox, faradaic
current begins to flow. The significant increase in the anodic current and flux of R to the
surface between each pulse causes i to rise. As EB enters the diffusion-limit region, the
surface concentration of R drops to zero. Because the mass transfer of R is already at its
maximum rate during the waiting period, the current flow cannot increase any further at
the potential pulse, consequently i decreases. Because i changes significantly only
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t
around E, a differential pulse voltammogram gives a peaked output that allows sensitive
resolution of overlapping waves.
di
E0 E
Figure A6. A typical differential pulse voltammogram of an oxidation reaction.
Conductivity: Concept and Measurements
Ohm's law defines the resistance, R, of a current-carrying device as the ratio of the
voltage across the device to the current that passed through it. In an Ohmic system, R
remains constant despite current and voltage change. Conducting polymers, whose
resistance changes dramatically upon doping, exhibit non-ohmic behavior. Resistance is
an extensive property that changes with the geometric dimensions (size and shape) of the
device. For a device of uniform cross-sectional area A and length L, the resistivity, p,
takes into account of the geometric correction of R and is given by:
RA
L
The conductivity, a, is the reciprocal of p and therefore follows the equation
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( lcD(cm)J
V A(cm')
One could conceptualize conductivity as (cm-3) number of charge carriers, each
with a change q, moving through the device at a mobility of u (cm2V-'s-). Because
conduction often involves more than one charge carrier species, the conductivity is
described as the summation of the movement of all charge carriers:
n
a = qiirl,
CP-based chemoresistive sensors require the accurate determination of conductivity.
Nonetheless, a survey of the methods for conductivity determination in CPs reveals that
each method has its merits and deficiencies, and that the accuracy of each method
depends heavily on the experiment conditions. We shall discuss the sample configuration
and conductivity calculations of two methods included in this dissertation.
Four-point Probe
The four-point probe is a traditional way to determine the conductivity of a
semiconducting or conducting material. A typical four-point probe setup consists of four
equally spaced (S) conducting tips with finite radius. Springs attached on the other end of
each tip minimize sample scratching and damage during probing. During the experiment,
the four metal tips make electrical contact with the surface of the sample, usually a thick
film or wafer, that is placed flat on a mechanical stage. A high impedance current source
supplies current through the two outer probes, while a voltmeter measures the voltage
across the inner probes. Figure A7 illustrates the typical configuration of a four-point
probe measurement.
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Figure A7. Schematic illustration of the typical configuration in a four-point probe
setup.
If 8/S < 0.4, where 8 is the film thickness, the below equation provides the
conductivity of the sample:
This technique provides accurate measurements if assembled properly. Taking a few
extra precaution steps can help eliminate anomalous results. To ensure proper setup, one
should run a control test prior to the actual measurements with a material of known
conductivity, such as graphite and ITO. Furthermore, the accuracy of the measurements
depends heavily on the timing of execution. Often, one observes the initial capacitance
currents that decay rapidly, after which a reliable measurement can be taken. However,
exposing the doped CP film in air for long periods of time can lead to undoping as the
iodine vapor diffuses away from the film. As a result, one should be careful and
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consistent when taking conductivity measurements in order to minimize errors. It is also
recommended that measurements be made at a few different applied voltages to obtain
the average conductivity, since the conductivity should be independent of the voltage.
Interdigitated Microelectrodes
In the 1980s, Wrighton and coworkers used microfabrication techniques to construct
interdigitated electrode arrays capable of monitoring the in-situ conductivity of a polymer
film as a function of the applied potential.3 As depicted in Figure A8, deposition of a
conducting polymer thin film of thickness, T, spans the area of N individually addressable
electrodes. Regardless of the deposition method, the ideal polymer film should be of
even thickness and interconnect the alternating electrodes. Determination of conductivity
involves sweeping the potential at a slow scan rate (>10 mV/s) while applying a small
offset potential, VD, between alternating electrodes, namely, the source and the drain.
When the polymer is in its conducting state, the electrode becomes a transistor as a
significant drain current, iD, flows between the source and drain. A plot of iD, as a
function of the gate potential, VG, gives the relative conductivity of the polymer as a
function of the doping level. The relative conductivity is directly proportional to absolute
conductivity (a) described in the equation below.
iD W A
VD NxTxL
where W is the width of each electrode and.L represents the length of the electrodes. A
represents the correction factor obtained by an external standard of 3-methylthiophene as
60 S cm'l.4
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Figure AS. in-situ conductivity measurement of a polymer thin film using an
interdigitated microelectrode array.
Spectroelectrochemistry
As mentioned in Chapter 1, doping of CPs shrinks the bandgap and lowers the energy
of the absorption band. Spectroelectrochemistry combines absorption spectroscopy and
electrochemistry and provides information about the evolution of new electronic states
within the electroactive species at various potentials. Figure A9 illustrates a typical
spectroelectrochemical cell for in-situ UV-Vis absorption experiment. The polymer film
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VG
is deposited onto a transparent ITO electrode, either by electrochemical deposition or
various casting methods. All three electrodes are emerged in electrolyte solution inside a
quartz or glass UV cuvette. The careful arrangement of the electrodes is crucial in order
to provide an unobstructed path for the incident light beam while maintaining optimal
kinetics for the electrochemical processes. Plotting the absorption spectra at various
applied potentials allows one to observe the emergence of new absorption features that
can be assigned to the various electronic states (polaron, bipolaron, etc.) of the doped
polymer.
RE
CE WE
UV cuvette
Figure A9. Typical cell setup for a spectroelectrochemistry experiment.
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of Fluorescence Spectroscopy, 2nd Ed.; Kluwer: New York, 1999, pp. 141-80.
(2) (a) Bard, A. J.; Faulkner, L. R. Electrochemical Methods, 2nd ed.; John Wiley &
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92, 5221-29. (c) Ofer, D.; Swager, T. M.; Wrighton, M. S. Chem. Mater. 1995, 7, 418-
25. (d) Belanger, D.; Wrighton, M. S. Anal. Chem. 1987, 59, 1426-32. (e) Ofer, D.;
Crooks, R. M.; Wrighton, M. S. J. Am. Chem. Soc. 1990, 112, 7869.
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Appendix C:
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Appendix D:
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Appendix E:
1H NMR of 4 (CD2C12)
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